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DESIGN FOR TERMINAL EFFECTS

INTRODUCTION

The ultimate purpose of any round of service explosive. charge sufficient to disrupt it after
ammunition is the production of a desired penetration of the armor plate; current design,
effect at the target. This section attempts to however, tends to eliminate this feature. -
give a broad picture of the major engineering 4. Penetration of Armor by a High-Velocity
and tactical requirements that govern the design Jet (Shaped Char2s_.. The use of the Monroe
of missiles intended to produce these desired effect to obtain an extremely high-velocity jet
terminal effects. of metal particles capable of penetrating armor

plate.
CLASSIFICATION OF MISSILES 5. Spalling of Armor (HEP). This effect is

used to defeat armor without actually effecting
2-1. Classification of Missiles by Type of a penetration. By the use of a high-explosive
Target. The purposes of terminal effects fall plastic (HEP) filler in a deformable shell, an
into two broad categories: the actual defeat of explosion on the outside of armor plate can
a target; and the production of an effect (sig- produce sufficient shock to cause the formation
naling, illuminatirg, or screening) that will of a spall on the inside surface of the plate.
aid in the ultimate defeat of the target. Table This spall, roughly circular in shape, may be
2-1 lists the terminal effects which may be separated from the surface of the plate and
produced and the purposes which each of these projected with sufficient velocity to cause
terminal effects may serve. In ail, eleven serious damage inside the tank.
effects are listed. Paragraph 2-2 gives a 6. Perforation by Preformed Missiles Other
brief description of each of these effects. Than Armor-Piercing (Canister). The loading

of a non-explosive shell with a large number of
2-2. Classification of Missiles by Effect, small preformed missiles in order to obtain a

I. Blast. The production of an explesion short-range lethal effect on personnel. This
which will propagate a high-velocity, high- type of shell is roughly analogous to a common
pressure wave in the surrounding air. Since shotgun shell.
a metal body must be used as the carrier 7. Incendiary. The use of a shell filler
for the blast-producing high explosive, the pro- which will produce high enough temperatures to
duction of blast is always accompanied by ignite any flammable material in the target, or
fragmentation, to incapacitate personnel.

12. 'Frgmentation. The disruption of ametal 8. Release of Poison Gases. The use of a
shell body by a high explosive filler in order poison gas to cause injury to persnnnel or to
to produce the optimum distribution oi a maxi- contaminate an area and thereby deny its use
mum number of high-velocity lethal fragments. to the enemy.
Due to the use of the high-explosive filler, 9. Production of Light. The production of
fragmentation is always accompanied by blast. light for signaling, or for visual or photo-

3. Penetration of Armor by a=Solid Pro- graphic observation.
jectile (Kinetic- Energy Shot). The projection 10. Production of Smoke. The production of
of a sulid projectile of steel or some other white or colored smokes for signaling or
hard, dense material (tungsten carbide) at a screening purposes.
velocity sufficient to supply the necessary 11. Dissemination of Leaflets. The broad-
kinetic energy to enable it to penetrate armor cast of propaganda leaflets for the purpose of
plate. Kinetic energy shot may contain a high- undermining enemy morale.
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PROJECTILE DESIGN 3. Stability in flight throughout the trajec-
tory.

2-3. General. The projectile designer is ca 3ed 4. Ballistic efficiency, for maximum range
upon to supply the best possible projectile for or minimum time of flight with minimumSa given purpose (effect). A projectile is usually dispersion.

designed for a particular weapon and the char- 5. Tactical effectiveness at target, including:
acteristics of the weapon limit the design. a. Effective fragmentation, or
Other limitations may be placed on the designer b. Maximum blast effect, or

by considerations of handling by the gun crew, c. Required armor-defeating ability.
which may limit overall size and weight of the 6. Capable of being manufactured by pro-

Sround, and by requirements for a large range duction methods, mainly forging and ma-

of operating temperature. chining.
7. Capable of being loaded with explosiveS2-4. Requirements for Gun Projectiles. Pres- filler.

ent-day projectiles must meet the following 8. Minimum amount of wear on the gun bore.
general requirements.

1. Safety in handling. in gun bjre, and-in 2-5. Ordnance Committee Minutes. The speci-

flight. fications for the design of a projectile are usually
2. Safety when fired in gun i.e., no prema- given by the Ordnance Committee Minutes

tures resulting from pressure or shock of (0CM). They usually include the foll~owing

discharge in gun or from hot propellant information.
gases entering the base. 1. Rated maximum pressure of the gun.

2-2 CONFIDENTIAL
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2. True maximum pressure on the base of 2-7. fligh-Explosive Ammunition. Hligh-explo-

the shell. sive ammunition may be designed to perfornm
3. Twist of rifling (for an existing gun only). any one of several functions and in most ca:;es
4. Caliber of tit, gull. may be expected to perform more thasn one of
5. Required rangu*. .the. These functio;s are:

6. Approximate weight of the projectile. Defeat of personnel
7. Approximate weight of the propelling Defeat of aircraft

charge (if it is separate from the pro- 1" !eat of fortifications.
jectile). Considerations pertinent to each of these fune-

8. Approximate weight of the shell-charge tionsare discussed inhlie suce eeding pa ragrnphs.
combination (for fixed amunniltlon).

In addition,' the following information may be 2-8. Defeat of Personnel. Defeat of personnel

included. i by high-explosive ammunition requires that the

1. For HE, 191P, or chemlical Shell, the projectile be designed to produce the lmlaximunl
lethal area. Recent wound ballistic studies

shape of the shell and.the yield strength indicate that for fragtments traveling at the
of the steel. velocities commonly obtained from high-explo-

2. For armor-defeating ammunition, the sivb shell, extremely small tragments are
dthickness and obliqu.ty f the armor to be required to optimize the lethal area. Since
defeated. the size of fragments is a function of the

3. For antitank and antiaircraft ammunition, thickness of the shell wall, calculations reveal

the first--round probability of hit and the that design for optimum fragmentation results
confidence level of this probability. in a shell which is not strong enough toresist

2-6. Design Procedure. the setback forces. Accordingly, the practice
a. Rough Design. From the tactical re- in designing shell of this type is to design

quirements, a projectile may be roughly out- them with the thinnest walls capable of sus-
lined to meet prescribed conditions. The weight taining the stresses in the gun. Where econo-
of this first design must be calculated and mic manufacturing methods may be used, con-
adjustments made to bring the design to the sideration should be given toobta Ining controlled
proper weight. fragmentation by the use of multiple walls.

b. Stress Analysis. The next step in the If setback forces are not excessive, considera-
design procedure is to determine the stresses tion may be given to fragmentation control by
acting at the critical elements of the shell, means of grooved rings or notched wire.
The maximum combined stresses on the pro-
jectile walls of any section Should not, in 2-9. Defeat of Aircraft. For antiaircraft pro-
most cases, exceed the yield point of the metal jectiles, consideration must be given to (1)
from which the shell is made. Stress analysis the vulnerability of the target, (2) speed of
procedures are given in Section 4. the target, (3) accuracy, (4) time of flight,

c. Determine Stability. The final step in (5) rate of fire, and (6) lethality of the pro-
the design of a projectile is to calculate its jectile. Depending upon the size and point of
stability and to estimate the retardation caused burst of the projectile, it may be desirable to
by air resistance. Section 3 describes the maximize either (I) blast damage or (2) frag-
procedure to be followed. mentation damage, For smaller projectiles,

d. Optimize Terminal Ballistic Effect. The the decision must also be made as to whether
first step of the design procedure, rough design, the projectile is to (I) detonate outside the
takes into account the effect which the shell aircraft, (2) in contact with the aircraft, or
is to produce; however, at this point it is (3) inside the aircraft. If detonation internally
difficult to determine whether or not the design is desired, it is necessary that the projectile
is near optimum. The usual method for ob- be sufficie4tly--strong to penetrate withiut de-
taining optimum terminal ballistic effect is to forming to a point where its effectiveness is
design several projectiles which are satis- impaired. Here, as with antitank ammunition,
factory and then, by means of analytical methods the lethality criterion should be first-round
described in succeeding sections, or by means of probability of kill. However, the design problem
actual firings of test shell, to determine which of Is rarely presented in these terms. Considera-
these designs is best. tion should be given to multiple wall and '"ner

CONFIDENTIAL 2-3
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techniques of iragmenlation control; however, the prinie consideration. First consider.ition
it sht .Id be borne in mind that use of the liner should be given to AP or APC shot. The
method will result in alossinbhasteffectiveness advisability of the use of- an ai mor-piercing
of the round. cap depends upon the type (face - hardeted or

hlioioeicous), obliquity, and thicki'ess of the
Occasion:aly the designer is called uion to armor. If the target cannot be defeated by
produce a shell that, in addition to being this type of amtltunition, consideration should
effective against aircraft, may also be expected be given to thie more expensive types such as
to be effective against personnel. Wllre tie the carlide-cored discarding sabot types and

comlpronlise must be between optimunm frag- l)erhal)s the IIVAI)IJSFS. Consideratiom is first

nent size for antlirsonnel effect and op-tlum given to determining the opliniunm subprojeetile
fragnment size for defat e1al ;itcraft. Optimum for maximum penetration at tIe specifid range.
size for antiaircraft use is considerably in Calculations should :-so be clecked at shorter
excess ot that for antipersonnel, ranges to ensure against the presence of a

"shatter gap." In design of subcaliber projec-
2-10. Defeat of Fortifications. lIe projectiles, tiles for existing guns, great attention must be
which have as their prim-ary purpose the defeat paid to the stability of the projectile. This
of personnel, may also be required to defeat consideration quite often governs its dimensions.

eomcrete or log-and-earth fortifications. Hlence r. The Sabot. In the design of discarding
it may be necessary t) arrive at some corn- sabot projectiles, in addition to the primary
promise between maxinuni fragmentation ef- problems of imparting spin and discarding
fectivness and the ability ti, penctratc without promptly, it is important that it be recognized
undue breakup of the shell. The luze designer that the sabot itself forms a secondary missile.
has cooperated in this direction by providing This projectile must be discarded in such a
concrete piercing fuzes, which will help toattain manner that it will not endanger friendly troops.
this objective. The use of a special fuze, d. Lethality. The actual criterion governing
with conventional shell, still leaves much to the lethality of these rounds is first-round
be desired, probability of kill, which takes into account

armor penetration, size of target, accuracy of
2-11. Kineitc Energy Ammunition, the projectile, and time of flight; however, the

a. _pneral. Kinetic energy ammunition is design problem is usually presented in terms of
intended primarily for the purpose of defeating first-round probability of hit and ballistic limit.
armor, although it may also be called upon to
defeat concrete fortifications. There are three 2-12. High-Explosive Antitank (HEAT) Ammu-
types of KE ammunition in current use. They nition. The following proilems are peculiar to
are (1) steel armor-piercing shot (AP), (2) the design of HEAT ammunition:
capped steel armor-piercing shell with an a. Time of Flight Versus Standoff. In order
explosive filled cavity, (3) carbide-cored, hyper- to obtain a high first round probability of hit,
velocity, discarding sabot shot (HVAPDS). In time of flight should be as short as possible.
addition to these, subcaliber composite-rigid However, the requirement of standoff demands
shot, and skirted or squeeze-bore projectiles that the charge initiation take place before
have been made; however these are not cur- excessive crush-up of the nose has taken place.
rently being designed, the former because of The resolution of this problem lies in the
its too high ballistic coefficient, and the latter province of the fuze designer who is required
because of the difficulty of interchanging am- to provide extremely quick-acting fuzes for
munition in a tapered-bore gun. Still another high-velocity HEAT rounds.
type of kinetic energy shot, the hypervelocity, b. Stability Versus Standoff. The require-
discarding sabot, fin-stabilized (HVAPDSFS) ..ment of long standoff distances, particularly on
is currently being investigated. If this type the slow-speed fin-stabilized rounds, results

-lives up to its promise, it may become an in an extremely light nose section. This type
important member of the family of kinetic of configuration is extremely hard to stabilize.
energy ammunition. One approach to the problem has been the use

b. Design for Defeat of Armor. For kinetic of the drag-stabilized spike-nosed design.
energy antitank projectiles, accuracy, alongwith c. Spin Versus Optimum Penetration. One of
the ability to penetrate the specified target, is the major difficulties in design of HEAT rounds

2-4 CONFIDENTIAL
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is the minimization of the degradation in per- 2-14 Canister Ammunition. The major prob-
formance caused by spin of the projectile. lems of canister design are:
Several methods by which this problem may 1. Opening of the canister
be attacked are: 2. Minimization of damage to the gur. tube

1. HEAT projectiles fired from low-velo- 3. Securing lethality at great enough ranges
city recoilless rifles are given a very slow 4. Securing adequate dispersion.
rate of spin.

2. Spin has been eliminated ini..omecases 2-15. Base EjectionAmmunition. Baseejection
by reverting to fins to stabilize the projectile. shell may be used for any of the following
This method is limited to low-velocity guns. ses:

3. For high-velocity rounds, the approach purposes.
to the problem of spin degradation has been 2. illumination2. Dissemination of smoke
the design of specially shaped liners which 3 Dissemination of propaganda leaflets
compensate directly for the spin of the .' ....
projectile. 4. Dissemination of poison gases.

The particular problems associated with design

2-13. High-Explosive P. stic (HEP) Ammuni- of this type of shell are:
a. Expelling Charge. The black powder ex-tion_._ HEP ammunition, is intended for the pelling charge should, ideally, eject the con-

defeat of armor; however, because of the use tent ofathe shell it earwar velot

of extremely thin walls, it also has a very tents of the shell with a rearward velocity

valuable secondary fragmentation effect. In just equal to the forward velocity of the shell.valublesecodar frgmenatin efect In II this were done the contents would have zero
design, the following peculiarities of HEP am- forwerd ty and would just dp ra

munition should be given careful consideration, dorwn. B eolimitations ipsedrby chragea. Cushup o Noe. Te efect ofHEP down. Because of limitations imposedby charge
a. Crush-up of Nose. The effect of HEP size and strength of the shell, this ideal cannot

ammunition is obtained by having the explosive be attained in practice and the black powder
charge explaode in intimate contact with a charge must be considerably smaller than this
large area of the armor plate. The nose of ideal charge.
the pr-•-- t ile must be soft enough and thinenou.. erfrm tis uncion ffetivly. b. Shear Pins or Threads. Inordertoassureenou6,. perform this function effectively.

At the same time, the projectile must with- proper burning of the black powder charge, the

stand successfully the strains of firing. shear 1' 'ns or threads must be designed to permit

b. Velocity. The velocity of impact of HEP s..Je minimum pressure to be built up before

shell has been found to be directly related to shearing takes place. This problem is analogous

the performance of the projectile. There exists to that of obtaining proper bullet pull for a
a rather small range of velocities at which cartridge.
performather s small sfan tor. velocities eitwhih c. Setback. The contents of a base ejectionperformance is satisfactory. Velocities either, shell must be designed so that they will not be
above or below this range result in ineffective shed be sed s thated when the
rounds. It is thought that a partial solution damaged by the setback forces created when the
to this problem may be found in the fuzing of tents are expelled from the shell. These two
the projectile, and work on new fuzc ; is now forcs act iop osite drcin. These w
under way. forces act in opposite directions. In the cast

c. Banding: Because of the very thin walls of propaganda disseminating shell, this problem

of HEP shell, pressed-on rotating bands are may be solved by packing the leaflets into split
not satisfactory; the high pressures used to steel tubes, which are strong enough to resistapply them s distort the shell wall. This prob- these forces and which will discard completely

lem has been overcome by the use of welded aiter ejection.
overlay rotating bands. At present, this type
of band is used only for pre-engraved rotating 2-16. Ammunition With Burster Charges.
bands used on recoilless rifle ammunition. a. General. This type of ammunition is usu-

d. Stability. Becausi-of the low rotational ally similar.in appearance to the high-explo-
moment of inertia of the thin shell walls, it is sive round with the exception of the replace-
difficult to stabilize the flight of HEP shell. ment of the explosive filler by either a burster
This problem has been solved by the use of charge or a filler. Tile burster charge may be
a blunt-nosed ogive, which drag-stabilizes the contained in a metal tube located axially in the
projectile, shell or cast in position and separated from its

CONFIDENTIAL 2-5
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surrounding medium by acid-proof black paint. fectly sealed to prevent leakage of the
A filler may be used to produce: contents. Further infortnation on sealing

1. Heat sufficient to damage materiel and is contained in Section 2, "Special Purpose
produce casualties among personnel. White Shell."
phosphorous (WP) is usually used fer this 3. When a liquid filler is used the rota-
purpose. Aronal inertia of the shell is greatly reduced,

2. Smoke intended for signaling or due to the tendency of the filler to remain
screening, stationary relative to the rotation of the

3. Poison gases, either persistent or shell body. At present, this problem is
nonpersistent. dealt with by empirical method. Work now
b. Design. There are several factors, pe- in progress should, however, yield a theore-

culiar to the design of this type of ammunition, tically sound method of approach in the
which may have to be considered: near future.

1. The. burster chargc should be suffi- 4. The use of a heavy steel burster
cient to completely break up the shell body tube causes the exterior ballistics of the
without causing excessive dispersion of the- shell to differ significantly from those of
contents. No portion of the fragmented the HE shell designed for the same weapon.
shell body should form a cup that might In order to secure ballistic matching it is
retain some of the filler, desirable that, where it is compatible with

2. When a liquid filler is used it is the filler, an aluminum burster tube be
extremely important that the shell be per- used.

a-
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BLAST EFFECT.

THE EXPLOSIVE WAVE wave tends to lengthen as it travels away from
the charge; that is, the distance between the

2-17. Explosive Wave Propagation -History.
1  shock front and the part at which the pressure

The rapid expansion of the mass of hot gases in the wave has decreased to atmospheric con-
resulting from detonatien of anexplosive charge nially iru.reases.
gives rise to a wave of compression called a 2-18. Positive Impulse.1 A gage that is capable
shock wave whick is propagated through the air. ofidatn th peur inatnosyThe front of 'he shock wave can be considered of indicating the pressure instantaneously

The ron oftheshok wae cn b cosidred applied, and that is fixed with respect to the

infinitely steep, for all practical purposes, arge, an d th e withsrespn to the

That is, the time required for compression of charge, will record the pressure in the wave as
the undisturbed air ahead of the wave, to the a function of time. The resulting pressure-timethelundisturbed aut aehndo the wave, to pathe curve bears a close resemblance to thefull pressure just behind the wave, is practi- pressure-distance curve described above: there
call y zero.

is an initial abrupt rise in pressure followed by
I1 the explosive source is spherical, the re- a relatively slow decrease in pressure to a
sulting shock wave will be spherical, and, value below that of the atmosphere. The time
since its surface is continually increasing, the elapsing between the arrival of the shock front
energy per unit area continually decreases. As and the arrival of the part inwhich the pressure
a result, as the shock wave travels outward is exactly atmospheric is called the positive
from the charge, the pressure in the front of duration, and this, like the length of the wave,
the wave, called the peak pressure, steadily increases as the wave travels away from the
decreases. At great distances from the charge, charge. A quantity of interest in the application
the peak pressure is infinitesimal, and tne wave, of blast measurements is the positive impulse,
therefore, may be treated as a sound wave. which is the average pressure during the positive

phase multiplied by the positive duration,
Behind the shock-wave front, thepressureinthe aP
wave decreases from its initial peakvalue. Near j P dt, where a is the positive duration.
the charge, the pressure in the tail of the wave For most shock waves, the trace of the positive
is greater thanthatoftheatmosphere. However, phase of the pressure-time curve is roughly
as the wave propagates outward from the charge, triangular. Hence the positive impulse may be
a rarefaction wave is formed which follows the approximated by one-half the peak pressure mul-
shock wave. At some distance from the charge, tiplied by the positive duration.
the pressure behind the shock-wave front falls 2-19. Conditions Associated WithShockFront.1

to a value below that of the atmosphere, and then Associated with the propagation of the shock
rises again to a steady value equal to that of the front is a forward motion of the matter behind
atmosphere. The part of the shock wave in which the shock front, and the conditions that deter-
the pressure is greater than that of the atmos- mine the shock velocity also determine the
phere is called the positive phase, and, imme- particle velocity. In gases, such as air, the
diately following it, the part in which the pres-i particle velocity for high-shock pressures is
sure is less than that of the atmosphere is part high -shok prs usicalld te ngatve o sutio phsevery high. For example, at about 3 atmos-
called the negative or suction phase. pheres excess pressure in the shock front, the

The velocity at which the shock wave is propa- particle velocity immediately behind it is about
gated is uniquely determined by the pressure in 1,000 mph. -
the shock-wave front and the pressure, tempera-
ture, and composition of the undisturbed medium. The temperature behind the shock front is also
The greater the excess of peak pressure over gi eater thac that ahead of it because of the corn-
that of the atmosphere, the greater the shock pression of the medium. Since this compression
velocity. Since the pressure at the shock front is irreversible, the temperature of the air
is greater than that at any point behind it, the through which the shock wave has passed, and
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which has returned to atmospheric pressure, is
somewhat greater than that of the undisturbed
air prior to the arrival of the shock wave. The
smaller the excess pressure in the shock wave,
the less the irreversible heating of the air.

At a very great distance from the charge, the
wave becomes acoustic, that is, the pressure
rise, temperature rise, and particle velocity are
all infinitesimal, and the velocity of the wave is
that of sound. R

2-20. Reflection of Weak Shock Waves. 1 Very
weak shock waves, that is, those of nearly/
acoustic strength, are reflected from plane / /N
surfaces in such a way that a geometrical con- / /
struction of the wave system can be made in a C
very simple way. Consider a point source of Q .C
the sokC (fig. 2-1) and, at some distance from
it, aplane reflecting surface S. The incident
wave 1, striking the surface, will be reflected/
from it in such a way that the reflected wave R\ .,.
may be considered to arise from a second image
source C', on the opposite side of the reflecting

surface, perpendicularly below the true source-

and equally distant from the surface. Fgr -. Rfeto fwa hc
Figure 2-1 shows two successive stages of this waves
reflection process. In the first, 11, the incident
wave, is just tangent to the surface: The excess
pressure over that of the atmosphere at the increase of pressure over that of 11 is deter-
reflecting surface is just double (for very weak mined by the strength of 11. For example, if the
shock waves) that of the incident wave where peak (excess) pressure of 11 is 100 psi, the re-
it is not in contact with the surface. At a later flected shock pressure is about 500 psi, a five-
stage, the incident wave is represented at 12, fl nraeo rsue
and the reflected wave at R.2 imagined to arise
from the image source C'. Again the pressure
at the line of contact of 12., R2 , and the surface
S is just double that Of 12. The angles at 'which
the shocks 12, R2 meet the surface S are equal.

2-2 1. Reflection of Strong Shock Waves - Mach
Waves. I When the pressure in the shock wave
is appreciably above that of the atmosphere, the
phenomena are different. One reason for this is F
that the pressure, density, and velocity of the
air into which the reflected shock advances are 0
not those of the undisturbed atmosphere. InL
figure 2-2 there are represented -three succes- \Q. M
sive stages in the reflection of strong shocks.
In the terminology used above, the Incident wave
11is first shown just as it touches the reflecting
surface S. The excess pressure above that of R
the atmosphere at this point is more than twice Figure 2-2. Reflection of strong

that of 11 elsewhere, and the magnitude of the shock waves
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As the incident wave expands to some greater deforms inelastically and suffers permanent
size 12, the reflected wave R2 also expands, b *ut displacement. If, for the wall in question, the
the reflected wave it; not spherical and cannot displacement is greater than some critical
be constructed by the device used in figure 2-1. amount, the wall will collapse.
The angles at which 12 and R2 meet the surface
S are not equal, in general, and the angle of the A simplified picture of the processes of damage
reflected shock R2 depends upon the strength consists of a wall of indefinite extent which has
and angle of incidence of the incident shock. a certain natural period of vibration. If a shock

wave of very long duration strikes it, the wall
At some distance from the charge C, determined can be considered to be subjected suddenly to a
by the distance of C from S, and by the strength blast of constant pressure equal to the pressure
of the incident shock, a new phenomenon occurs. in the shock wave e.-hanced by reflection. For
The intersection of R and I no longer lies on S, sufficiently small pressures, the wall will de-
but* lies above it and follows some. path, 1. A form elastically (the amount of the displacement
new shock M, the Mach stein, connects the inter- b'aing about twice that from a static pressure
section of R and I to the surface. The intersec- equal to the .pressure in the reflected blast) and
tion of R, 1, and M is called the triple point. As will not rupture. Some pressure must .exist,
the shock ;ystem expands further, the Mach however, such that the wall will collapse. For
stem g Irows rapidly, tending to swallow up the shock waves of finite duration, the wall may not
two-shock system above it. if C is very close collapse even though the pressure is equal to the
to the surface, but not on it, the Mach stem is critical pressure. Instead, the wall will acquire
formed almost directly under C and, in a short momentum from the shock wave and will vi-
time, has grown so that most of the shock sys- brate, without reaching the amplitude corres-
tern is a Mach stemn, and only in a small region ponding to collapse. If the duration of the wave
directly over the charge are R and I distinct, is very short compared with the timi required
If the charge C is on the surface S, no separate for, collapse, the momentum imparted to thereflection R is formed, and. it can be considered wall must be sufficient to deform it beyond the'

-that the entire shock wave is a Maeh wave, critical limit. On the basis of reasoning such
A very practical property of the reflection of 5thstepak rsueissalycn
shocks is that the pressure (and positive im- siedtobthdtrmngfaornte

-pulse) in the neighborhood of the triple point damage produced in the blast from very largebombs, such as atomic bombs. For small bombsand in the Mach stern are considerably greater
than those in 13, or in the shock emitted when C itsgeralasu dththepiiei-
is in contact with S. That is, if C is a bomb pulse is the important quantity, since the dura-

bursingaboy th grund eprsened b Sthe tion of the blast is quite short. Unfortunately,
intensity of 'the blast in the region M and just neteoprinaepreceorxeim t
above it is greater, at a given horizontal dis- i dqaet etteeciei rpry
tance from the bomb, than is the case if the
bomb is burst in contact with the ground. 2-23. Theories on the Dependence of Blast on

Ambient Pressure and Temperature. To infer
2 -22. Effect of Shock Wave.1I When a shock wave from the information obtained on the ground
strikes a nonrigid obstacle, such as a building, information concerning the blast at high alti-the wave is reflected by the surfaces of the build- tudes, it is necessary to determine the effect of
ing in the various ways described above. The the change in pressure and temperature on the
reflection f rom a nonrigid suriace will not, how- blast. There are two theories which formulate
ever, conform quantitatively to that from a rigid the scaling laws. These are Sachs' Theory andsurface such as that discussed above. At the Kirkwood -Brinkley's Theory. These theories
instant the wave strikes the wall, the wall is differ in their initial assumptions and in their
accelerated, and continues to accelerate as long choice of parameters. A complete discussion
as there is an excess of pressure on its outer of these theories can be obtained from refer-
surface. At first, the deformation of the wall is ences 3, 9, 10, 11, 12, and 29.
elastic, so that for insufficient excess pressure
or insufficient positive duration there may be 2-24. Blast Information To Be O)btained from
no permanent displacement of the wall. If the Later Experimentation. General design infor-
blast intensity is sufficient, the wall eventually mation is lacking at present on the effect on blast
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of length of column, and of diameter of explo- natural period of the piston-and-spring is short,
sive column, for a given weight of explosive. compared with the duration of a transient pres-
Also, little information of a general naturecon- bure pulse, the maximum extension of the
cerning the minimum booster requirements for spring is prolportional to the peak pressure of
various sizes and configurations of explosive the pulse. For the measurement of positive
charges is available. Since very little experi- Impulse, gages that employ a freely sliding
mentation has been done with cased charges, it piston have been used.
is not known how applicable the information ob-
tained from bare charges would be to eased 2-29. Pcak-Pressure Gages have been devi:sed
charges. The great need at the moment is for to operate on the l)riniciple that a thindiaphragm,
positive information on eased charges. stretched over a hole in a rigid plate, will rup-

ture at a certain pressure when the diaphragm
MEASUiREMENT OF BLAST1  is subjected to a blast wave. If several such

diaphragms are, provided, covering holes of
2-25. Piezoelectric Gages. The most common various sizes, the pressure required to rupture
method of measuring air blast pressures em- the diaphragm over a given hole will depend on
ploys piezoelectric gages. Pie7zoehlectriCaIly the hole size. Hlence, given a calibratinoi of the
active crystalline substances that have been di'vice, the peak pressure of a blast wave is
used in gages are tourmaline, barium titanati,, established as le.s than that required to break
quartz, Rochelle salt, and ammoniunm dihydro- the diaphragm of the largest hole unbroken, and
gen phosphate (ADP). greater than, or equal to, the pressure required

to break the diaphragm over the smallest hole
2-26. Condenser Microphone Gag. A con- broken. The pressure is thus bracketed as
denser microphone consists of two parallel closely as is desired, simply by having a suffi-
metal plates mounted so as to be insulated from cient number of holes of graduted size.
each other, and separated by a dielectric (air,
mica, etc.). The two plates, which are the One such device, the paper blast meter, has
plates of a condenser, are connected to the been used for many years in the approximate
associated electronic apparatus by means of an. measurement of blast pressures. It consists
electric cable. Under the application of pres- of two boards clamped together, with a sheet of
sure, the dielectric between the condenser paper held tightly betwe'en them. Holes of about
plates is reduced, and the capacity of the con- ten different sizes are bored thr'ough both boards,
denser therefore increases, in register. The gage is mounted with the plane

of the diaphragm perpendicular to the direction
2-27. Resistance Gages. A third device for of propagation of the wave, that is, head-on to
measuring transient pressures depends on the the wave. By virtue of the multiplication of
change of electric resistance of an element pressure on reflection, the pressure exerted on
under stress. In one form, the gage consists the diaphragm is greater than that of the inci-
of a resistance element that is hydrostatically dent wave; proper account of this must betaken.
compressed. In another, a resistance wire is
formed in a spiral and cemented to the back A more recent modification of this gage is the
of a diaphragm constrained at its periphery. foilmeter, which consists of a wooden or metal
When pressure is applied, the diaphragm is de- box with. one open end, over which is clamped
trrmed, the wire is stretched, and the resistance an assembly similar to the paper blast meter,
of the wire changes. Associated with the gage but with aluminum foil instead of paper. Foil
is a simple potentiometer circuit by means 01 is used because it is much less sensitive than
which changes in resistance give rise to pro- paper to changes in atmospheric conditions
portional changes in voltage. These voltage such as temperature and humidity. The box
changes are amplified and recorded. gage can be oriented either face-on or side-on

to the direction of propagation of the blast,
2-28. Mechanical Gages. A gage for measuring since the box prevents the blast from acting on
peak pressure has been designed that operates the reverse side of the diaphragm.
by recording the maximum extension of a spring
acted upon by a moving piston which is accel- The great advantage of this type of peak-pres-
erated by the action of a pressure pulse. If the sure gage is its simplicity. The operation and
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the interpretation of results are simple, and no 2-34. Experimental Methods for Determination
elaborate machine work is involved. Its greatest of Relative Air-Blast lntcnsitie~.- Thi methods
limitation is that the precision of results is of comparing explosives on the basis of their
usually'not high, and the limits within which the air-blast intensities are essentially the same at
pressure can be bracketed with a reasonable all establishments where such work is done.
number of holes are rather wide. Tile charges, consisting of identical containers

filled with the explosives to be compared, are

2-30. Shock Velocity Method. The shock-wave detonated while being supported in a fixed posi-
lion on tilt- testing field. Air-blastgagc,;,usualtyvelocity is uniquely determined by the charac- tinotetsigfil.Arbsgav;uuly
piezoelectric, are set up at several distances

teristics of the medium and the excesspressure from the charge, and blast pressure-time reo
in the shock wave. That is, under specified cords obtained. From these records, the peak
conditions, the pressure'may be expressed ex- pressures and positive impulses are computed.
plicitly in terms of the shock-wave velocity. The conditions of the test are held the sanie for
Advantage is taken of this relation to inakevery each trial so that direct comparisons among the
accurate determinations of peak pressures. different explosives can be obtained. The re-

sults are usually reported as irclativepeakpres-
.2-31. The Blast Cube is used to measure the sures and relative positive impulses, referring
blast from 20-mm to 40-nim AA shell. The all results to those from one type of filling
blast cube consists of an angle iron frame, with chosen arbitrarily as a standard. Several iden-

aluminum sheets of different thicknesses bolted tical charges of each type of explosiv, are usu-
on the frame. The sheets have diagonal slits, ally fired in each series of tests in order to

The exploding of the projectiles generally marks establish the statistical validity of the results.
some plates, bends others, and rips some off.
The blast is measured by a previously es-
tablished system for evaluating relative damage It is found that with bare charges and pressures
to the aluminum sheets. This method of blast below 50 psi the relativepressuresand impulses
evaluation is qualitative, but scores can be are essentially independent of the charge-to-
given from the established system. Also, this gage distance, so that results obtained ata num-
method is good for comparative purposes. ber of such distances can be considered as

averages. Moreover, on the average, the results

2-32. Empty Varnish Cans. Another method of from various groups of experimenters are in
blast evaluation similar to the blast cube is agreement. The average relative peak pres-
the use of old varnish cans. In this method, sures and positive impulses foi all explosives
varnish cans, with their covers on, are exposed considered are summarized in- table 2-3.
to the blast. The relative decrease in volume These averages include results from trials in
of the cans at various distances from the center the United States by the Underwater Explosives
of blast is used for qualitative comparative Research Laboratory and Stanolind Oil and Gas
purposes. Company, Tulsa, Oklahoma, both of Division 2,

National Defense Research Council, and byBal-

2-33. The Blast Tube. The blast tube is a listic Research Laboratories, Aberdeen Proving
useful apparatus for the study of shock waves Ground, as well as in Great Britain, by Road

in air and for the calibration of air-blastgages. Research Laboratory and Armament Research
It consists of a long tube divided into two sec- Department. All results are reduced to the
tions, a compression chamber and an expan- basis of the average loading densities listed in
sion chamber, by an airtight diaphragm. Coin- table 2-2. The adjustment to relative peak
pressed air is admitted to the compression pressures and relative positive impulses for
chamber to build up the required pressure. differences in weights was made according to
When the diaphragm is punctured by a knife, the empirical formulas

the diaphragm shatters, and a shock wave Is P IN 0.6

formed which is propagated- along the expansion P
chamber. Gages can be mounted in the expan- P2 r 2
sion chamber, and their characteristics, ur. der and 11 0
conditions similar to those under which they are = -
to be used, can be studied. 12 CW2]
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where PI, and P2 are peak pressures from EXPLOSIVES FOR BLAST
weights Wl, W2 respectively, and I ), 12 are the
corresponding positive impulses. ior the usual 2-35. Conmparison of Explosives for Blast.
variations in loading density, such corrections Table 2-Z is based upon the results of exp)eri-
as a rule are on the order of 1 or 2 percent. ments performed before 1946 at the Underwater

Table 2-2

Ati-rage densities and compositions of explosives

Composition,* percent by weight of

EE .2 E
Average CQ) E u 4)
loading 0 .z .• . "-

desty 3 E Eu W. Q z . tExplosive (grams/em) in 0 i H I-' ,

Torpex (30% Al) 1.74 ... ... ... ... ... 3:5 35 30 ...

Torpex-21  
1.72 ... ... 42 40 18 071

Minol-3 1.71 29 . ... ... ... ... 43 28 ...

DIBX 1.64 21 ... ... ... ... 21 410 18

HBX4 1.63 ... ... ... ... ... 40 3M 17 5"

Tritonal 75/25' 1.72 ... ... ... ... ... 75 25 ...

Minol-2 1.65 40 . ... ... ... .. 40 20 ..

Tritonal 80/20 1.70 ...... ... ... ... 80 20 ...

Trialen 1.64 ... ... ... ... ... 15 70 15

Baronal 2.14 ... 50 ... ... ... 35 15 ...

Comtp B 1.61 ... ... ... ... 60 40 ... It

Pcntolitc 1.60 ... .... ... ... 50 ... 50 ...

Ednatol 1.59 ... . ... 57 ... ... 43 ...

TNT 1.56 ... ... . ... ... ... 100 ... ...

Picratol 1.57 ... ... 52 ... ... ... 48

Amatex 1.55 44 ...... ... 6*$ 50 ... ...

Amatoel 60/40 1.55 60 ... . ... ... ... 40 ... ...

Arnatol 50/50 1.55 50 .... ... ... 50

Under actual loading &onditions, compositions vary-by a few percent from the average values given here.
f When - 65j) calcium chloride is added to torpcx-2, it is called torpex-3; MIiX contains 0.5% calcium

chloride in addition to its other ingredients.
I Not taken into account in percentages of other ingredients.
.D-2; desensitizing wax of the following composition: 6.9 parts Victory wax; 1.0 part nitrocellulose; 0.1

part lecithin,
'Also may include 2'{ carhon black.

* Varies between 5"(' and 9r7, at the expense of ammonium nitrate.
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Explosives Research Lavoratory of the Oifice 7;h ¢'2-4
01 Scientific Research and Development. Later
results, incluaing those for HBX-1, HBX-3, and o'o p *ri IM t prak poissu),( and posilit'c

HBX-6 are given in paragraph 2-36. Table iMl/,isr, with TNT as bast,
2-3 give.,; conmparisonts on tihe basis of equiva- r h:r')
lent volumes of composition B. Peak Pos.it ive

• ,I)rc:r(' inpIulse

Tah 23Explosive, E.W* !EV* 1-l:W' P':V.Table xlsv

Comparison oflpr'akpressurt, and impulse, TNT 1.M)0 1,00 1.00 1 00

with Comp B3 as bast, Coml I 1.13:| 1.21 lJ16 1.1.1
(bare c'harges)

IhIxlB - 1.21 [ 1.:u• iL21 1.:i1
Peak Positive

I Explosive Pressure Impulse IInX-3 1.16 1.3:! 1.25 1..11)

Torpex-2 1.113 1.15 Tritonal 1.07 1.17 1.11

1113X 1.61.11 IIIX-6 1.27 1.4.1 1.38 1.57

Tritonal 80/20 1.04 1.08 M_.X.21_.... .. . ...
TNT 0.92 '..9.1 *EW - Equiv.11ent Weight baksis

EV - Equivalent volunc basis
Comp P 1.00 1.00

-A recent series of extensive tests carried out
by the Ballistic Research Laboratories using
cased charges against B-29 aircraft as targets

2-36. Explosives of the RDX/TNT/Aluminum resulted in the followingquantitative comparison
Sstem A eomparison of twenty-seven different of efficiency (table 2- ). The numbers repre'-
mixtures indicated that optimum aluminum con- sent the relative weig,., or volume of a test ex-
tent is approximately 22 percent for best peak plosive needed to cause the same blast ,naina,
pressure or 26 percent for best positive i-. s*e. as a given weight or volume of Pentolitv.
Table 2-4 compares the optimum castable 2-36. Conoparisn ___o of th-. Am-
mixture, HBX-6, with several other military i h-Ae
explosives. Comparisons are on a TNT basis. -nu -ehlrtiDi-unu---.

Table 2-6, the result of testslerfov.nmed at tit
2-37 Daag r-est .Rlanktng 4--I The following Naval Ordnance Laborattory, lists the eompara-

rankingehas been a,;signed by.the Ballistic Re- tive effect of several mixture, on an iBX-3

search Laboratories to explosives for internal basis. The best mixture (40,'40/20) was found
to be equivalent to HBX-6.

blast against aircraft structures. The results
were arrived at by firings oflight-scased40-mm 2-39. Medina/TNT/Aluminum Explosives. 5

shell against B-26 aircraft and by evaluation Comparison of the explosive mixtures in table
of damage to clamped circular aluminum plates. 2-7 are on the basis of equivalent weights of

1. Torpex-2 HBX-6. Although the results are soniewhat
2. HBX-6 superior to HBX-6, the use of Medina is not yet
3. Tritonal practical due to poor stability and difficulty in
4. Comp B obtaining high loading density.
5. Pentolite
6. TNT Tabh"e 2-5

7 (onpB H-6 MOX-2B
It should be noted that MOX-2B, for this series ---
of tests, was shown to be of the same order of Weight bwsis 0.8.1 OAS 0.89
effectiveness as Torpex-2 and HBX-6 on ,an .equal volume basis. Volume b:isis 0.9 0.70
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Table 2-6

Peak pressure Positive impulse

AP RDX Al EW EV* EW" EV*

40 40 2 0 04M 111$ 1.0~5 1.09

40 30 30 0.95 1.00 1.'l 1.11

78 22 1.12 1.01 1.00 0.9:i

47 3 45122WAX 1,09 I'0M 1.10 1.05

IlliX-3 1.00 1.00 1.00 1,110

* , -, Eqtu iva lent weight basis
EV - Equrvahint volumr basis

2-40. Effect of Loading Density.1 The most Such informationprovidis tilt, weapolns designer
common military high explosives that havebeen with data which enables him to decide on an
used or considered for use as fillings for aerial optimum warhead size.
bombs are listed in Table 2-3. Chemical com-
positions and densities are shown in Table 2-2. 2-42. Effect of Case on Internal Blast. Firings
The compositions of actual fillings vary by a of bare and cased charges have indicated that
few percent from those given. Similarly, the when the detonation takes place in a well en-
loading density given for each explosive is an closed space, such as the inside of a wing, tie
average over a number of actual filling densi- internal blast effect of a cased charge is well
ties in various batches. The importance of in excess of the predicted effect. The blast
loading density is twofold. Explosives aie effect of the projectile charge is approximately
usually compared on the basis of equal vol- tilt sane as that for an uncas d charge Of the

tumes, so that the greater the density, the more saniv weight. In less enclosed spoiees, such as
favorable the comparative blast effect iveness, the Interior of the Lusetag,, tht, effect is cull-
Second, the loading density is a nit-astire of the siitiviably less. It is thought that this efieet may
quality of the particular filling; a poor pour will be explained by two factors:
have air cavities and the components of the I. In the enclosed spat'e, the ilassetd fitf'ct
mixture will segregate. Both of these faults el the fragnients is stilicvient to help pro-
lead to low overall densities. duct, structural damage.

2. Expansion of the explosive gases :,dds to
EFFECT OF BLAST ON AIRCRAFT the eflhut of the shock wave.

2-41. Aircraft Damage by Internal Blast. Test 2-43. Surface Charges Versus Internal
firings to determine the vulnorabilityof specific ClGi.ajes Firings-of o urface char-stindir-
aircraft to internal blast have been ])t'rfornled ect contact with the external surface Oti the
at the Ballistic Research Laboratories. 16, 18 skin of the aircraft) havi, indicated that thi

Tabl•, "- 7

i ~Medina
98 P.A.2 TNT Al Peak pressure lPostive impulse -

.. .... ... .

60.65 17 22.35b 1.12 0.99

50 1535 1.05 0.99
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weight of surface charge necessary to produce 2-45. Aircraft Damagey b External Blast. Fir-
damage equivalent to that of an internal charge ings have been conducted at the Ballistics Re-
is about three times that of the internal charge. search Laboratory to determine the effect of
Although it is true that shell designed for cx- external blast on aircraft of various types. 13, 14
plosion on contact may be of thinner wall con- Bare charges of various weights have been ex-
struction, particularly at the nose, than those ploded in a sufficient number of orientations,
which must have sufficient strength to penetrate with respect to the aircraft, to enable damage
the skin, it is doubtful that the lighter con- contours to be plotted. These contours, obtained
struction can enable sufficient additional explo- for several vertical and horizontal planes
sive to be added tooffset the loss in effectiveness through the aircraft, depict the maximum dis-
due to the lack of penetration. tance from the aircraft at which 100A struc-

tural damage could be expected to be inflicted
2-44. The Effect of Altitude on Internal Blast. 1 7  by the given weight of charge. Although the
The detoaations of high-explosive charges within firings have been conducted against aircraft of
World War Il-type aircraft under sea level and American manufacture, it is expected that the
under high-altitude atmospheric conditions show information obtained can be extended to foreign
that compared to the amount of explosive needed craft having similar sizes and structures. Fig-
to cause a given amount of damage at sea level, ure 2-3 illustrates a typical set of damage con-
approximately 5 to 10 percent more is needed at tours for the B-17 bomber.
an altitude of 30,000 feet, and 60 to 70 percent
more at an altitude of 55,000 feet. It must be emphasized that. the damage con-

CONTOUR IN PLANE
OF FUSELAGE AXIS

./~ ~ ~~N •7" •CNOR IN PLANE•

THRu WING TIP

S\ 'I

/ CONTOUR THRU
/ MID- SPAN OF WING /

Fig'ure 2-3. Dmami e contours for B-17 bomber
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tours are the results of static tests, in which pressure below which it Is impossible 'o achieve
both aircraft and explosive charge arc at rest 100A damage regardless of how high the ia-
at time of detonation. Experiments against pulse. Thus, in Region 1, the impulse is the
aircrift structures with moving internal-blast bole criterion of damage; in Region 11, neither
type weipons indicate that there is a consider- the peak pressure nor the impulse can be con-
able directional modification of te peak pres- sidered the sole damage criterion; in Region
sure and impulse about a charge detonated Ill, the peak pressure in itself is sufficient to
while moving rapidly, as compared to the same define the damage. The general form of this
charge statica!ly detonated, The Ballistic lie- curve has been borne out by limited results of
search Laboratories are conducting air blast the firings against A-25 aircraft by a wide
tests to determine this modification. In addi- range of charge weights. From these curves
tion to the effect of the moving charge, it should it should be possible to predict external blast
be nottd that the tests were performed on air- vulnerability of an aircraft to weights of txplo-
craft which were static. It is to be expected sive charge other than those for which blast
that the dynamic loads imposed on aircraft in tests have been conducted and, also, it should
flight may add considerably to the effert of the Ib, possible to modify external blast damage
explosive. Hence they may tend to expand the contours for high alti'udc conditions.
radii of effectiveness for the v,.rious explosive
charges. It must be stressed that this infor- Curves of this type (peak pressure vs. in%-
mation is fo7 bare charges, and it is not known pulse necessary to cause crippling damage)
how applicable it might be for cased charges,. have been computed for A-25 aircralt. 1 4 These

curves are illustrated in figures 2-5 and 2-6.
2-46. External Blast Daman ' Criteria, 1 3 One The pressures used are side-onpcak;-resiures,
would expect that a plot of the peak pressure Impulse was obtained by assumirng a triangular
versus impulse just necessary to cause 1O0A form for the positive phase of the pressure-
damage by external blast to a given aircraft for Te
a given orientation of the charge, with respect time curve. The fetal positive impulse( P dr)

to the aircraft, would be of the form shown in is therefore equal to the area of the triangle,
figure 2-4. that is, peak pressure x 1/2 positive duration.

Using these curves, it s possible toplot damage
The form of this curve is based on the belief contours for any size charge at any altitude,
that there is sonic low value of impulse below provided that curves of peak pressure versus
which it is impossible to achieve 100A damage scaled distance, and scaled impulse versus
regardless of how high the peak pressure and, scaled distance, are available for the explosive
conversely, there is some low value of peak used and the required altitudes. If only sea

level curves are available, those for greater
altitudes may be computed by meann of t he
dimensional sealing laws. Typical contours

obtained by this semiempirical method are
shown in figure 2-7, As before thest, curves

-• - -REGION I - MPULSE CRIS E are for bare charges, .and their utility for
DAMAGE CRITEa.ON cased charges is not completely known.

SI°] ;"• REGION r1'. NEITHE'R PEAK PRESSURE NORS[ RE . IMPULSE PRES SULAMAGE NOR 2-47. Modification of Fltst Contours for Effert

a.CRITERION of. Altitude. Since experimentally detvraiiiaed

/ON M- PEAK PRESSURE IS blt contours have been obtain-edonlyundersea
,, SOLE DAMAGE Cý ITERION level conditions, estimates of the effect of alti-tude on the contours must be made to apply the

data to warhead design. A meThod for makinl;S" ... • •..: such estimates ihas been presented in Ballistic

Research Laboratories Mem1oranldtim lel)Or't No.
575. This method assumes that 'dina;ge thresh-

STAT'C IMPULSE old" curves of side-on peak pressure versus

Figur24rc SltreAPd W IJIcrSie side-on iiiipuls( required to produice 100A
statir iJp.ed,- damage to the aircraft remain invariant with
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Figure 2-5. Crippling -damage air blast to A -25 aircraft, delonation altfusclag, axis
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explosive shell against aircraft targets by the
Naval Ordnance Test Station, Ballistic Research

I- -Laboratories, and other agencies have indicated
0 10 20 30 40 50 60 70 80 90 100 110 that the terminal velocity of antiaircraft mis-

WwPULSEI, IN LB.- MILLISECONO/IN sties can greatly affect the damage they inflict

Figure 2-6. Crippling-damage air blast to on the targets. Damage is generally enhanced
A -25 aircraft, detonation in plane of wing ahead of the missile and is reduced behind it.

If the component being struck has relatively
altitude. Application of altitude scaling to the small internal volume, such as a wing panel,

blast parameters then yields estimates of new the overall damage is usually increased with

contours for given altitude conditions. It is increase in terminal velocity. If the component

believed that this technique yields a very con- has large internal volume, such as the fuselage,

servative estimate of contours of altitude. the damage may not increase as much with

Another estimate of the altitude effect can be increase in terminal velocity.
made by establishing damage threshold curves

based on face-on blast parameters and applying Some measurements of the free airblast around

altitude scaling to these curves. Since these moving charges have been done by Ballistic

parameters are degraded less than the side-on Research Laboratories (Memorandum Report

parameters with i-ncrg'ase in altitude, the result- No. 767) but the data are as yet insufficient for

ing contours are not reduced as much as when correlation with damage studieý.
side-on parameters are used. It is believed

that these two techniques yield both an upper and 2-49. Effect of Shape of Explosige Charge.

lower limit to the true contours at altitude. When nonspherical explosive charges are de-
tonated, separate blast waves are propagated

2-48. Effect of Motion ofCare e _on Blast from each of the faces. If the orientation of

Damage to Aircraft. Firings of rockets and high the faces with respect to each other is such
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that the blast waves intersect at an angle of 80* the peak pressures and positive impulses arising
or greater, the waves will interact to form from the detonation of fifty-pound spherical,
Mach waves or bridge waves. Bridge waves cubical, cylindrical, conical, and laminar char-
are defined as Mach waves caused by the inter- ges of RDX Composition C-3 plastic explosive
action of two shock waves, resulting in the do not differ significantly at large distances
form!ation of a third shock wave, which bridges when averaged over all directions. However,
the volume between the two original waves. the individual peak pressures and impulses in
Double shocks may be produced at the inter- some directions from some of the nonspherical
section of the bridge wave and the original charges have been found to be as much as 50
wave. percent higher than those in some other

directions from the same charges at the same

It hii been determined experimentally 2 2 that distances.
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CHARACTERISTICS OF HIGH EXPLOSIVES

2-50. Introduction. The more useful chemical either the absorption rate is extremely low, or
and physical characteristics of high explosives very large amounts of water are absorbed, a
are presented in tables 2-8 and 2-9. Table specific time is stated. It the sample is solid,
2-8 is essentially a digest of Picatinny Arsenal it is prepared by sieving it through a 50-on-100
Technical Report No. 1740 (CONFIDENTIAL), mesh, U. S. Standard screen.
and is a tabulation of the results of the tests
described below. Table 2-9 shows the com-
patibility of given explosives with such other 2-56. Impact Sensitivity Test. In both the
materials as metals, metal coatings, and plas- Picatinny test and the Bureau of Mines test,
tics. The data for this table was abstracted a sampie (approximately 0.02 gram) of explosive
from Picatinny Arsenal Technical Report No. is subjected to the action of a falling weight of
1783 (CONFIDENTIAL). 2 kg. The impact test value is the minimum

height at which at least one of 10 trials results
2-51. Description of Test Methods. Paragraphs in explosion. For the Bureau of Mines apparatus,
2-52 through 2-68 give brief descriptions of the the unit of height is the centimeter. In this test
test methods used in compiling Table 2-8. the explosive sample is held between two flat,
They are included to give the reader an appre- parallel, hardened (Rockwell C63i 2) steel sur-
ciation of the test conditions and to permit faces, and the impact impulse is transmitted to
him to compare and evaluate the tabulated data. the sample by the upper flat surface. Since the

70 height of this apparatus is 100 cm, if, at 100
2-52. 75°C International Heat Test. A 10-gram cm, no explosions result among ten trials, the
sample is heated for 48 hours at 75°C, and is value would have to be recorded as 100+. In
then observed for signs of decomposition or the Picatinny apparatus the unit of height is the
volatility, other than moisture. inch. In this test the sample is placed within a

depression in a small steel die-cup, cappedby a
2-53. 100 C Heat Test. A 0.6-gram sample of thin brass cover. A slotted-and-vented cylin-
the explosive is heated for two 48-hour periods dki'al steel plug is placed, slotted side down,
at 100 0 C. At the end of each period the sample in the center of this cover. The principal
is observed for volatiles other than moiture. differences between the two tests are that the

It is also noted whether exposure at 100 C for Picatinny test involves (I) greater confinement,
100 hours results in explosion. (2) a frictional component against the inclined

sides, and (3) distributes the translational im-
2-54. Vacuum Stability Test. A 5.0-gram pulse over a smaller area, because of the inclined
sample (1.0 gram in the case of initiators), sides.
after having been carefully dried, is heated in
vacuo for 40 hours at either 100 0 C or at
120 0 C. The evolution of gas at each tempera- The test value obtained with the Picatinny
ture is recorded. apparatus depends to a marked degree on the

sa.nle's density. This value indicates the
Note hazard to be expected when subjecting the par-

ticular sample to an impact blow; it is of value
The capacity of the apparatus is 11 ml, in assessing a material's inherent sensitivity
therefore, any gas evolution in excess of only if the apparent "bulk" density is recorded
11 ml is reported as 11+. along with the impact test value. The values

tabulated were obtained on material screened
;2-55. Hygroscopicity. A 5- to 10-gramsample between 50-on-100 mesh, U. S. Standard screens,
is exposed to an atmosphere of 30 C and 90 per- where single component explosives were in-
cent relative humidity (unless otherwise stated) volved, and through 50-mesh in the case of
until equilibrium is attained. In cases where mixtures.
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2-57. Friction Sensitivity. The friction sensi- reported is the difference between the total
tivity of an explosive is determined by subject- amount of sand crushed by the whole sample
ing a 7.0-gram sample of the explosive (through and the amount of sand crushed by the initiator
50-on-100 mesh) to the "sweeping" action of a alone.
"shoe" (of steel or fiber) attached to the end of
a pendulum. The degree of sensitivity is re- 2-62. Sand Test for Solids. A0.4-gram sample
ported qualitatively as- (in decreasing order of of explosive pressed (at 3,000 psi) into a No. 6
sensitivity); explosion, snaps, crackles, or cap is initiated by mercury fulminate or lead
unaffected; indicated respectively by E, S, C, azide or, if necessary, by lead azide and tetryl,
or U. in a sand test bomb containing 200 grams of

"on 30-mesh" Ottawa sand. The amount of iul-
2-58. Rifle Bullet Impact Sensitivity. The sen- minate or azide, or of azide and tetryl;thatmust
sitivity of an explosive to rifle bullet impact is be used to ensure that the sample crushes the
determined by loading 1/2-pound samples of the maximum net weight of sand is designated as
explosive (in the same manner as they are its sensitivity to initiation; and the net weight
loaded for actual use, or as indicated) in a of sand crushed to finer than 30-mesh is termed
3-inch (2-inch 1. D., 1/16-inch wall) pipe the sand test value. The net weight of sand
nipple, closed at each end by a cap. The crushed is determined by subtracting rom the
loaded nipple may contain a small air space, total amount crushed the weight of sanl crushed
which can be filled, if desired, by a wax plug, by the initiator material when fir/ed alone.
The loaded nipple is subjected to the impact of / S
.30-caliber bullet (standard ball ammunition) 2-63, Sand Test for Liquids. The$and test foe
fired from a distance of 90 feet perpendicular liquids is made in accord-a-cewith/he procedure
to the nipple's long axis. given for solids, except th4 the special

procedure described in "Methods of Inspection,
2-59. Explosion Temperature Test. A 0.02- Sampling, and Testing," M1L-k-11960 (24 April
gram sample (0.01 gram in the case of initiator 1952) should be followed.
materials) of explosive, loose-loaded in a No. 8
blasting cap, is immersed for a short period in 2-64. Fragmentation Test. The standard shell
a Wood's metal bath. The temperature deter- used in this test is either a 3-inch HE (M42AI,
mined by this test is the temperature that lot KC-5) or a 90-mm HE (M71, lot WC-91)
produces explosion, ignition, or decomposition shell. The values reported in this table are for
of the sample within 5 seconds. The behavior the 3-inch shell. Either shell size is initiated
of the sample is indicated by an e,; i, or d by M20 booster pellets of height range 0.480 to
placed after the numerical value. 0.485 inch and weight range 22.50 .0.10 grams.

The shell is assembled with a fuze, actuated by
2-60. Booster Sensitivity Test. This test pro- a Blasting Cap (Special, Type II, Specification
cedure is a version of the Bruceton "staircase" PA-PD-577) placed directly on a lead of crnm-
method for an unconfined charge. The source parable diameter. It is then placed ina box i.ade
of shock consists of about 100 grams of tetryl, of 1/2-inch pine. The box for the 3-inch shell
in two pellets, each 1.57 inches in diameter by is 15 x 9 x 9 inches inoutside dimensions. This
1.60 inches high. The initial shock is degraded box containing the shell is placed onabout4 feet
through wax spacers of cast Acrowax B, 1 5/8 of sand in a steel fragmentation tub, the blasting
inches in diameter. The test charges are 1 5/8 cap wires are connected, and the box is covered
inches in diameter by 5 inches long. The value by another 4 feet of sand. The shell is fired,
reported is the thickness (in inches) of wax at then the surrounding sand is run onto agyrating
the 50 percent detonation point. 4-mesh screen on which the fragments are re-

covered. The tabulated values represent the
2-61. Initiator Test. This test is run, using in- ratio of the number of fragments producedby the
creasing quantities of initiator in each trial, subject explosive tc. the number of fragments
"until the amount of sand crushed no longer in- produced by an equai amount of TNT.
creases with an increase in the amount of
initiator used, that is, until the rising curve 2-65. Ballistic Mortar Test. The amount of the
(showing amount of sand crushed versus quantity sample explosive necessary to raise theballistic
of initiator used) levels off. The actual value mortar to the same height as it would be raised
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by 10 grams of TNT is determined by this test. one end by a tetryl pellet. An impression made
The sample is then rated, on a proportional in a mild-steel plate at the other end of the
basis, as having a certain TNT value, that is, column was accepted as evidence of complete
as being a certain percent as effective as TNT in detonation. The figure reported in the table is the
this respect. The formula minimum diameter for complete detonation.

TNT value 10 2-68. Detonation Rate. Detonation rate varies
sample wgt. with density; the values reported in the table,

therefore, are only for representative densities,
gives the TNT value of the sample. that is, 1.6 and "normal" (most common). The

rates reported were determined by use of a
A ballistic mortar is a heavy, short-nosed rotating drum camera. The charges were I inch
mortar supported at the end of a long compound in diameter by 20 inches long, and were wrapped
rod. The mortar contains a chamber about 6 in cellulose acetate sheet. They were initiated
inches in diameter by 1 foot long. About 7 inches by a system designed to produce a stable high-
of the chamber is occupied by a projectile, and order detonation at maximum rate for the given
the sample to be tested fills a small portion of conditions. A typical system consisted of four

the remainder. Upon detonation, the projectile tetryl pellets 0.995 inch in diameter by 0.75 inch
is driven into a sand bank, while thp mortar long, pressed to 1.50 grams per cc, witha Corps
swings through an arc which is automatically of Engineer's special blasting cap placed in a
recorded by a pencil attached to the mortar. centr-, hole in the end pellet
The angle indicates the height to which the pen-
dulum is raised by the explosion, and represents The remaining columns of table 2-8 give the
the energy measured by this test. normal and crystal (maximum) densities, and

show the variation of loading density with

2-66. TrauzlTest. Thistestisusedprincipally pressure (for pressed explosives only). The
to obtain a qualitative concept of the power. of a usual, or recommended loading, method is also
new explosive compared to an explosive (usually indicated.
TNT) whose effects are known. It may be run
either to determine the relative expansionof the 2-69. Quantitative Definition of Compatibility.
test block, comparedwith the expansionproduced A compatibility problem may exist whenforeign
by an equivalent weight of TNT, or todetermine materials are incontact with, or.inclose proxim-
the weight of explosive required to produce the ity to, explosives or propellants. In this special
same order of expansion as a TNT reference sense, compatibility includes both the efiect of
standard. The results reported in table 2-8 the material on the explosive and the effect of the
are for the former method. explosive on the material. The effect of the

material on the explosive is determined by the
In the Trauzl test 10 grams of explosive are 100 0 C vacuum stability test. This is an acceler-

placed in a borehole, 25 mm in diameter by 125 ated test to determine whether the reactivity of
mm deep, centrally located in the upper face of the explosive is increased by contact with the
a lead block 200 mm in diameter by 200 mm in material. In the standard test, if the net increase
height. The block, cast in a mold, is made of in gas evolution is 5 cc or greater, the re-
desilverized lead of the best quality. The rela- activity is considered excessive and the material
tive strength of the explosive is expressed as the is deemed to be incompatible. The net increase
ratio of the volume of the cavity after explosion in gas evolution is measured by comparing the
to the initial volume; it is reported as the percent volatility of 2.5 grams-of the explosive and that
of expansion caused by an equivalent weight of of 2.5 grams of the material to the volume of gas
TNT. released by the sum of 2.5 grams of each (5

grams total) mixed together.

2-67. Detonation Propagation. The purpose of
this test is to determine the minimum diameter 2-70. Description of Table 2-9. The high
below which a detonation wave will not propagate explosives compatibility table shows the relative
through a column of explosive. Columns of un- reactivity of military explosives with the metalsl
confined explosive 38 inches long by 3/4-, 1-, they are most likely to be in contact with in
1 1/4-, or 1 1/2-inch diameter were initiated at service use. The compatibility of explosives
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with metals, unless otherwise noted, repre- The table was compiled from data available in
sents the effect of the explosive in contact with Picatinny Arsenal Technical Report No. 1783
metal (in a wet or dry state, designated W or D) (November 1950, CONFIDENTIAL). Extensive
at ambient temperature for two years. The data on the compatibility of, explosives and
effect of explosives on metal is designated F, plastics are given inPicatinny Arsenal Techtical
VS, 8, H, VH, or C and the effects of explosive Report No. 1838, "Completion of Data on the
in contact with materials other than metal is Compatibility of Explosives and Polymers,"
designated F, N, M, U, or P. These designations (I October 1951, CONFIDENTIAL). Additional
are explained In the table. To indicate the data on the compatibility of plastics may be
direction of reactivity, a subscript m is used to obtained from tbe Ordnance Corps Plastic
indicate the effect of the explosive on the metal, Laboratory at Picatinny.
and subscript x to show the effect of metal on
explosive.

/C
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heat I |0C
telt heat test

C C

Governing Composition, perrcent P j '
Exls.Ite Chemical nmne Use specificatlimn (mixtures only) T Q

Amatol 50/50 Demolition none I0 TNT. 50 ammoniui nitrate

Ammoroil none 67 TNT. 22 am.. nitrate. 11 aluminum 0 0.11 none
Composition Cs IA.N-C-4271 4 TNT. '77 HI)X. 3 tetryl, ID DNT. 5 MKIT, 3.2 1.6

I I nitrwriulote
Cyclotol 60/40 HE shiell none j40 TNT. e0 RX
Explosive D (Dunnitel Ammoniunm picrate AP shell, urster eAN-A-166 0.12 0.1 0.1 none

Mercury fulminate Primer, detonator JAN- U-21 0.16 explodej 40 lira
Nitroglycerine Double- base propellant, JAN-N-246 3.6 3.5 none

Demolition
Pentolite 50/50 Burster, shaped JAN-P-408 50 TNT, 50 PETH 0 0.2

charge, demolition
Picric acid Boosters JAN-A-1197 0.05 0.03 0.09

Tet ,lol .65/35 ,,rter. demolition 35 TNT. 65 letryl 0.20 0 " 17 none
Tertrytol 75/25 I HE shell, demolition 25 TNT, 75 tetryl 0 :1 007 none

____________________ I ______________ Bursters, grenade, etc.j

Amatol 90/20 Bursters none 20 TET, So ammonium nitrate 0.06 0.03 0.05 none

Daratol 67/33 Colored marker shell none 33 TNT, 67 barium nitrate
Black powder Ignitiers, delay elements 3AN-P- 223 73 10403. 10.4 S, 15.6 C

Composition A-3 NEP shell. shaped charge JAN-C-440 91 RDX. 9 wax 0.2 0.2 none
Composition B HE shell, shaped charge PA-PD-24 39 TNT. 60 RDX. I Wax 0.2 0.1 none

fragmientation bombs
Composition C-4 Demolition PA-PD-0 bI 91 X. 9 Polyisoliutylene binder 0.1 0.0 none

Cyclotol 75/25 HE shell 25 TNT. 75 RDX 0.3 0.9
DONP Diazodinitrophentio Primer mixtures .IAN-9-552 0.24 2.1 2.2 none
OLead Aside (PVA) Primers, detonators none 95 Lead axide, 5 impurities
Lead xside (dextrinated) Primers, detonators AN1-L-3055 91.5 Lead oxide. 8.5 impurities 0.17 0.9 0.05 none
Lead srrypt lnate (normal) Primers, detonators PA-PD-I10
Lend styphnrte (basic) Primers, detonators .IL- n-16355
*nMOl-Ze High-blast shell filters none 40 NH4CT04/TNT(90/10),6RDX/Wax197i3) 0.54 0.65 0.27

(20- & 30-mm shell) 50At (dichromated) 2Co stearate,l graph (added)
PETir Penterythritol- Boosters detonators JAN-P-367 0.02 0.1 none none

tetra nitrate
Picratol 52/40 AP, SAP bomb none 48 TNT, 52 ammonium picrate 0.0 0.0 0.05 none
BlX (Cyctonite) Cyrlotrimethylene Booster, detonator PA-Pl--416 0.03 0.03 0.0 none

trinitraniine
RDX/waX 97/3 Booster sIL-r-1373- 97 RDX, 3 wax 0.07 0.03 none
Tetracene s-Glanyt-4-nhtrose- Primer mixtures nonTe 0.5 23.2 3.4 none

amino,-giasnyl
tetra zene

T etryl 2,41.6-Trinitro- Bootter, small HE shell, ;AN-T-339 0.01 0.01 0.0 none
phenylmethyl- detonator

Tetrytol 70/30 Bursters 30 TNT, 70 Tetryl 0.1 0.1 none
TNlT Trinitrotoluene Shell tiller, bombs JAN-T-249 0.04 0.20 0.20 none

Triid al 1110/20 GP bombs none 80 TNT, 20 aluminumpItI

Cyclotol 70/30 HE shell 30 TNT, 70 OdX
HeX- t Blast, bursters, 11 TNT, 67 Comp B, 17 aluminum,

War heads c5 D-2 desensitizer. 0.5 CaC1 2 (added).
X-2 HhE-plstiVe bombs 8 TeNT. 52 Comp B. 35 aluminum

(s5 D-2 Desensitizer, 0 5 CaCt2 (added)
lfOX-6 74 Comp B, 21 Alumoinum, C.5 D-2

HUX porm) Cyclntetranlethyl- Detonators, replacement none nit ni non.e
enetetranitramine for RDX in mixtures

Nitroguanidite Picrite AP shell, bomb filler PA-PD-302 0.05 0.18 0.09 none

ocUol 75/25 HE & NEAT shell, bombs none 25 TNT, 75 x0nX

a Polyeinyl alcohol adulterated b Polyisobotylene binder: 25 polyisohotylene. 59 di(2- d ExpI. D at 101
ethyT-henyl) sebacate, 1n SAE n10 engine oil e B. . powder at

c D-2 drhensitther (Navy designation, Composition t-2) n Pb oride at 2;

84/14/2 was nitroceliulose/lecithin 9 I1DX at 2 St,
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Table 2-8

Characteristics of military high explosives

Stability Sensitivity _"_......_ _

S50t 200-Grarn bomb !

nationaI litinitijtation rgmnato
heal 1000C Vacuum Hygro- Impact Pendulum Hill'. lullel by ltryl M3nimsm rharge HE" 4 M42AI
test heat test stability I.opleit test .rwtlon ,.Part o I 11 .o! sowe

J-- 1 , w 0 i •CiC

8 . -O -•LE~ • D'''BOECN

PAoI I o 4

0R W.1 none Cl 1. Z ]z I. U) : 5 Sý106I• 05 8

3 .2 1.6 1.2 It11 2.4 I14 100L U 150 4I 6 280 d 1 .62 1.36 0.06 53S.0 1.60 $71 514 133 IN aO

£ , , ii02~

0.2 9 nil 14 75 IU 20 I It 5 3 280d 0.22 0.20 4.6' 1.6 8701 534 133 133 1

0.12 0.1 DA cone 0.2 0.4 do0 1  37 100 IU 10 3 7 3138 1.54 1.27 0.24 0.06 39.5 1,55 S0 514 l 9

0.18 explodei 40 hra 0.02 hl 0 5 E 10 10 210r 4
3.6 3.5 none 33. 1 1 E 0 10 10 2220 413.5 140 1

0 0.2 3.0 I1+ 12 34 U 25 18 5 2 2208 1.60 2.36 0.13 0.13 51.0 1.70 147 644 116 IN I
1.65 2.06

0.05 0.03 0.00 0.2 0.1 13 85 5 3 2 320 8 0.27 0.24 000 460 3.40 112 1

0.10 0.17 none 52.8 331 0.03 10 28 S 10 1 9 325 i 1.66 0.24 0.19 53.9 3.60 193 514 131 1

0.13 0.07 none 2.0 33. 0.03 10 26 3 t10 1 9 3101 0.6 1.66 0.24 0.1 0 53.6 1 1.60 5S1 514 Il I ill

EXPLOSIVES IN CURRENT USE

-0.06 0.03 0.05 none 0.45 0.1 15 s9o U 5 5 260d 1.65 0.63 0.24 0.21 35.511.46 460 1SO 1
pressed

0.17 0.45 It 35 3151i 2.55 0.32 ,0.20 0.10 26.I
0.5 0.9 e0.75 16 32. 8 U 427 1 0.25 6.0 55

0.2 0.2 none 1.0 nil i6 100+ U S 5 250d 1.62 1.70 0.22 0.25 51.51 1.62 710 514 158 i130 1
0.2 0.1 none 0.7 0.9 nil 14 75 U 40 7 1 32 278d 1.69 .1.40 0.22 0.20 0.00 54.0 1.7.0 750 530 1353 34 1:

0.1 0.0 tme 0.3 il 19 36 U 5 2 3 290 i 0.10 55.6 1.59 471 130

0.3 0.9 Q.8 51 10 3 0 4 3 2608 0.23 54.1
0.24 2.1 2.2 none 7.6 2 5 105e blackpowderfu1e 45.6 1.511

0.23 40.03 4 15 0 . 340 t / 20.0
0.17 0.9 0.05 none 1.0 0.07 1 5 17 E 

3
4CW e " 19.0 42

0.43 0.4 nil 13 17 j0 357 e black powder fuze 11.1 41
0.43 0.43 7 JE 282 e black powder fuze 5.7

0.4 4.65 0.27 0.43 0.31 0.36 12 33 E U 2451 0.20 0.25 25.7 81.5

0.02 0.1 none none 0.5 11+ nil 6 17 C U 5 5 2251d 0.17 0.03 62.7 14511'

0.0 0.0 0.05 none 0.4 0.7 0.02 17 100+ U 10 4 6 2851 1.63 1.00 0.05 45.0 1.62 487 514 05 100 I1
0.03 0.03 0.0 none 0.7 0.9 g0.02 6 33 E U 40 7 1 32 2608 1.54 2.33 0.19 0.05 0.00 60.2 1.65 705 530 133 150 1:

0.07 0.05 none 0.27 0.4 11 10 U 35 2 3@ 4 I1 275 0.15 58.3
0,5 23.2 3.4 none 0.77 S. 7 E 180 e 0.4 128.2

0.01 .0.01 0.0 none 0.3 1.0 0.04 8 26 S 30 4 3 16 7 257 3 1.58 2.01 0.20 0.10 14.0 1.62 605 514 118 130 1

0.1 0.1 awe 3.0 113 0.02 11 28 U 20 11 9 320 1 0.23 0.2Z 53.0 1.60 586 514 117 120 1.
- 0.04 0.20 0.20o none 0.1 0.23 nl 4 10 U 25 1 24 45d 8 1.55 1.68 0.2 0.27 0.16 48.0 1.60 514 1 00 100r3

0 L1.60 
0.82

0.1 0.2 13 65 10 6 4 470d 1.75. 0.58 0.2010.10 52.0 1.73 485 514 94 184 1:

- ~~~ ~EXPLOSIES NDEVELOPMEN
T

g l255 ei

S "-r0.0 14 60/U 20 31 7 5 5 0 .21 0.20 5 6.5 ,1.72 = 8 6,54 161
2.4 19 U i I2501I 0.20 0.10 48.1 i"

3..7 15 U. 0.20 0.10 44.9

2.7 14 U 0.20 0.10 49.5

all nil none nil 10 17 E U 327 a. 0.16 50.3

0,05 0.18 0.09 none 0.37 0.5 nil 29 47 275 d 1.41 0.67 0.17 104 1

,59 4112- d Expl. D at 100% RH 2A 8 ounce weight J Not usually tested, A Nltroglycerlne by liquid method
I B3. powder at 26'C, 75% RH i I kilogram weight would probably detonate I Tetracene: 4.0 gmo smend crusled

ltion D-2) Pb azlde at 21"C, 90% RH when InittAted by black powder fuse
I RDX at 25"C, 100% RH

CONFIDENTIALL _ ___ ___ __
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S ... . .- ~ :--. -Ion . .... of J- _ ..

x E EvC 0 Ma

1 14 0 14 77 5600 767 3.59 c.61 HO W. I A it,| SO/50
is 94 19'i l1 , (.,t1)F5 Ah: ,, ... / ..... I

14 13 1 1 7625 1.5a34 1,1|34•0d 4"7 4 C10 20' )Illn

4 3 3 1 3 31 725 790 1.67 H'.oI II, 1 3'li' iId k ll i .IMO W')!40
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I,,. ) 1" m II-

5233 14 3 3 20 74 00 3.3 4.3 3.065.0 36 .12 39 A1 P**."iil t I 86J"1."'w'o ii'
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690 1.71 1 .6 -40 1.649 1.57-,' 1.3711.7
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150 0 4.0, ,I,,,1,,,,

1 331 7920 7340 1.60 C1.7 7 3m.47 13I ,I .7 3. 70 30 't.nt.. 15;1131
115 1. 00 100 6 7 300 1.5963 C.!I t 167 hIVd b 'l 30 1"Iri',I 75i2,"

* 13 10 1234 52000 8390 3.31. 83 3.6 376.0 16. .3 37 ,'l 214h
7

.I'3wl

55 10 . 1.32 1.41 1.55 1 6 .64 1.70 3.7 3 1 85 bx- or 1OXpn i l 97/3r

13111 130 125 7130 3012 1.57 1 1.54 1.57 1.60 1.62 1.6 3 3 3'r .,ml- i .I•. n A-3
113 34 130 3 /4 74GO 7800 1.61 ".li;I $i 8 0.1 C1 •Tpo.Ii 3n It

190 80 36 1.54 m - C03
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Table 2-9

Compatibility of hish explosives uwith metals and miscellaneous materials

Material

\Matria

v a.

Ainrinonal ~ 6 - 6

Nitroglycerine I

Nflrostiich p v F F66 c.i1Iy,
Pvracid 16 F F j p;F F~ C I-

IF.yta :Y. F. IV}S 11.Teirytol 75, 25 F.1 1F .* VS1- FV VS I IF:~ .6_ F

Barato. 67,33 II P~:iHiS

Blc owe 1 F.V. Pi4 F. I F. 6 Hv I VH S. F .F .~ i
P. 6tF .F. P. F. - .1 i. .. VS ,

Lead~~~~ stpnt II I i

Cmcsto -3t ;:F. VS.P. IS -.1jIF I5F VS. [.1~S FI S. F. 6 vs6 r 6 F
703 6 t. ~. P F 4 4i 6. -la FTv4 s P

t  ~ 61 7 PN JI iii i j4 
1 ~. LI I ao4 12* ~ ~ ~ ~ ~ ~ ~ ~ F 2 moth' ip0mnh II ots I 0rnti

Lege1d

slightiv evesiv F.i vs prh.e F_ S _~vri' F_1F Foioie
Ica.ed by heav Fanih F. F.ig l rc ti. IFtis F. IS. ., I Ii F

Lead -zd F.-is F. tC F. -p F.ia rea F.P . jF .nýJS .
F ev ,,rvrnM mdrt ecinivgti,
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SHAPED CHARGE AMMUNITION

LIST OF SYMBOLS

a = flute depth U = velocity of jet impacting target
c = charge mass (cross section) VD = velocity of detonation
d = charge diameter Vi = impact velocity
E = heat of explosion Vj = velocity of the jet
in = impulse delivered to liner in normal Vo = velocity of liner collapse

impact Vs = velocity of slug
1 = impulse delivered to unit area of a liner .1 = angle between liner axis and liner

whose surface normal forms the angle p = angle between liner axis and collapsing
tf with the direction of propagation of the liner
detonation wave = angle of indexing (when matching fluted

J = collapse (stagnation) point tools are used)
L = jet length = angle between normal to liner surface and
M liner mass (cross section) direction of propagation of detonation
mj =jet mass wave
ms slug mass x = T/R
n calibers per turn of rifling. Alsothe hum- , = the constant a/R

ber of flutes on a fluted liner = spin frequency
P penetration 10 = optimum frequency of rotation
ps collapse (stagnation) pressure p = target density
Pl explosion pressure pj = jet density
R pitch radius of fluted liner element = angle between flute offset and radius

S standoff through its root
T wall thickness of blank before fluting =, - angular velocity
T 1  explosion temperature

STATUS OF THEORY 5 to 9 mm perp sec (km/sec). Behind this det-
onation front, pressures P, of the order of

2-71. Detonation Wave. The detonation process 250,000 atmospheres and temperaturesTlinthe
is most easily pictured in terms of the pass.ge range of 2,500* to 4,000C. are commonly ob-
of a "detonation front" (see figure 2-8) through served. The total chemical energiesfeedingthe
the explosive, with the velocity VD in the range detonation are of the order of E= 1,000 cal. per

gram. The detonation front is regarded as a

DETONATION shock surface followed by a "reaction zone" in
CASING FRONT which chemical reaction takes place-, the thick-

ness of the zone is estimated to be on the order
of I mm for most solid explosives, correspond-
ing to 0.1 /Asec reaction time.

From VD, E, and an assumed equation of state,
one can estimate p1 , T 1 , and the particle velocity

DETONATEO - - behind the detonation front by the conservation
EX PLOSE- of mass, momentum, and erferg'f. The so-called

Chapman-3ouguet condition gives a fourth equa-
U/ ETON/TE tion, from which VD itsef can be predicted.SFXLSIVE in rmwihV tsl a epeitd

L However, the equations of state of solids under
LINER high temperatures and shock pressures are not

Figure 2-8. Detonation wave in accurately known, and so the preceding method
an explosive is of limited practical value.
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If one assumes that VD is a constant for a given
explosive, so that the detonation front propagates
by Huygens' principle (just as in geometrical
optics), one has a rational basis for "shaping"
explosive waves by peripheral initiation, or by v
using composite charges having different detona- " VO

tion velocities in different regions (for example,
having inert cores). Actually, VD may be
affected by the curvature of the detonation 2o
front, and composite charges are especially I-
liable to imperfections. o

In lined cavity charges, the primary effect of
the explosive is through the collapse velocity
(V), which it transmits to the liner, in the high- 8
pressure zone behind the detonation front.: This
velocity is transmitted, by a complicated process O
of multiple shock reflection, in 5 to 50 4secs. VO
The net effect of these multiple reflections has •- a
been shown to be nearly the same as if the liner
were rigid. The effect of finite charge dimen- Figure 2-9a. Jet formation forces
sions and confinement is not easy to determine. frame. Strictly speaking, this requires a plane
2-72. Jet Formation: "Zero Order' Theory. detonation wave, and a liner whose thickness is

2-72 Je Fomaton:"Zer Orer"Thery. inversely proportional to the distance from the

In the case of conical liners with cone angle. 2", ine pet.
the simplest picture is to assume that the liner cone apex.

b. Shear forces are negligible, since the yieldcollapses with a constant velocity Vo, and in a stesomldteliony800aophr.

constant direction Applying Bernoulli's equa- e. ssnoic, sholr flow.

tion to a moving reference frame, this direction c. Csentropic, shock-sree flow.
bisets he ngl 2 ; bewee th P nrma tothe d.. Constant pressure on the liner near the

bisects the angle 2. between the normal to the stagnation point 3, the same inside and outside
uncollapsed liner, and the normal to the col- the liner.
lapsing liner (see figure 2-9a). If shear stresses

e. Asymptotically uniform flow in the liner,and shocks (increase of entropy) are neglected, jet, and slugi away from the stagnation point (J).
the steady state hydrodynamical theory of jet
formation is obtained. According tothistheory, From thepreceding assumptions, itfollowsthat
the collapsing cone divides into a high speed jet relative to axes moving with the collapse (stagna-
and a slower slug, whose mass-ratio is (in tion) point (3, we have the Bernoulli equation (by
terms of the angle x between the collapsing a to c), and hence (by d and e) the same relative

int~r and the axis) velocity in the jet, slug, and collapsing liner

I + Cos, 2 (see figure 2-9b).

-= + cot2- (1)
ms I - cos P 2

and whose velocities are respectively I
V o / and V- V sin a/2 (2) v0j sino i anns- o cos p•/2 v_

The details of this theory have been published,
and will not be repeated here.

The assumptions needed to derive equations (1)
and (2) are the following.

a. Steady state flow, in a moving reference Figure 2-9b. Jet formation forces
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Equations (1) and (2) havebeen confirmed exper- basis for calculating, as functions of x, the
imentally near the apex of the cone. Especially velocity Vj(x) of jet formation and mass-ratio
is this true of the predictions that the jet length mj(x).
should equal the slug length, and of the initial Vj. m(x)'
However, near the base of the cone the collapse
angle increases rapidly, the observed m-is con- 2-74. Jet Breakup. Because of the Jet velocity

Ins gradient already mentioned, the jet may be
siderably larger than that predicted by equation expected to lengthen continuously, while mov-
(1), and the jet becomes several times longer ing ahead in a straight line. In the case of
than the slug. We shall now attempt to ration- well-formed, unrotated charges and liners, a
alize these facts, following ideas first explic- straight, steadily lengthening jet is in fact
itly formulated by Pugh. observed. However, real jets always break up

2-73. Jet Formation: "First Order" Theory. into streams of particles sooner or later (see

In HEAT shell with conical liners (figure 2-8), figure 2-10). The time of breakup has an im-

it is obvious that C/M (the ratio of mass of portant effect on penetration (see paragraph

charge to mass of liner in a cross section) de- 2-76).

creases, from infinity to a small quantity, as With steel liners, breakup ordinarily occurs
one moves along the liner axis (X-axis) from within a few cone diameters of travel, while
apex to base. Hence (see paragraph 2-71) the for copper liners, as first predicted by Pugh
collapse velocity, Vo(x), may be expected to and later confirmed experimentally, consider-
decrease correspondingly, in a way which can
be predicted roughly. It would be desirable to able ductile drawing occurs, and breakup oc-

have accurate direct experimental measure- curs much later.
merits of Yo(x). However, this is difficult to 2-75. Similarity. If the diameter is taken as
obtain. the unit of length, the "Law of Cranz" asserts

If one assumes, in addition to assumptions a that geometrically similar shaped charge rounds
through e of paragraph 2-72, that there is negli- of widely varying diameter d behave approxi-
gible momentum transfer after the initial phases mately similarly.
of the collapse process, one concludes thateach
liner element from the ring-shaped zone with The best theoretical basis for this fact consists
initial position x moves with constant velocity in the: principle that the inertial and explosive
Vo(x) in a straight line until it reaches the liner stresses involved depend mainly on the strain
axis. Since the collapse direction bisects the and much less on the time rate of strain.
initial angle between the initial normal to the Although this principle is not exact, and is
collapsing liner and the normal to the original presumably not applicable to the reaction zone,
"cone, one can predict at all times, from Vo(x) to viscous effects, or to jet breakup, it has
and the initial collapse angle, the shape of the sufficient validity to be very useful in analyzing
collapsing liner. The predicted collapse profile existing data.t agrees with observation, at least qualitatively.

e wApplied to rotating shaped charges, it predicts
As emphasized by Pugh, Eichelberger, and that the relative deterioration in shaped charge
Rostoker, who originated the preceding "first performance due to spin, with similar rounds
order" theory, the inferred local collapse angle, of different diameter d spinning at ,w rps, should
63(x), and local relative velocity, V1 (x), on the be determined by the spin parameterd mea-
axis will increase and decrease markedly aswe suring the peripheral velocity, rather than by
move from apex to base. By (2), the increase w itself. This peripheral velocitywd is clearly
in 63(x) accentuates the jet velocity gradient, so Vi where Vi is the impact velocity, and n the
that Vl(x) decreases to a fraction of its initial -

value. - twist of rifling (in calibers per turn).

SWith thin cones, the relative change in p (x) and 2-76. Penetration: "Zero Order" Theory. A
VI(x) per liner thickness is small;hence it seems continuous, perfectly formed fluid jet of density
reasonable to assume that the theory of para- pj, moving with constant velocity Vj, should
graph 2-72 is locally applicable to thesequanti- penetrate a target of density p with a constant
ties. At least, this assumption gives a simple velocity U, which can be predicted roughly from
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the continuity of pressure at the "stagnation
point" (figure 2-11), where the tip of the jet is - U) 2  PU2
boring into the target. In a reference frame

moving with Velocity U, neglecting target Hence, the rate of penetration U satisfies the
strength and compressibility, Berhoulli's equation
Theorem assumes the simple form

1/2
u =p/ (V3 - U)

where V- U is the rate at which the jet is
being used up. Solving, we get the Hill-Mott-
Pack equation

P = )" L (4)

connecting the total depth of penetration P with
the total jet length L, for uniform, incompressi-
ble fluid jets.

CENTER LINE _ _

OF JET

S~STAGNATION POINT

SFi4re 2-11. Target penetration

Because of the assumption Vj=constant, which
tcorresponds to the model of paragraph 2-72,

this may be called a "zero order" theory.
Co~mbining with paragraph 2-72, we see that

e•sell, is nearly the cone slant height.
A-ctually, total penetrations several times this

depth are obtained at large standoff, for reasons
Figure 2-10. Radiographs of stages explained in paragraph 2-77. However, eqt.ation

in jetformation (3) can be used to infer the useful equations
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V The most notable exceptions to this are quartz-

U = (5) like materials.

P •Looking directly at (4), or at its refinement (6),

it is clear that the improvement in penetration

P with standoff S may be explained qualitatively
V 2 by the tendency of the jet to lengthen as it pro-

1l 2 2 (5a)VJ gresses, and hence, indirectly, by the velocity

P 2 p " 2 = r-- (5a) gradient along the jet. This factor, rather than

12 Pj any overall increase in velocity, is considered
1 P r,:sponsible for the improvement in penetration

with peripheral initiation.

from which the instantaneous penetrationveloc-

ity (U) and stagnation pressure (ps) can be in- The quantitative application of (6) requires a

ferred approximately. successful prediction of P', which is variable
because of jet breakup, rotation, and other fac-
tors. In trying to describe the dependence of

per A sec have been observed by Kerr cell penetration P on standoff S, it is convenient to

photography. Again, a 10 mm per Lsec steel distinguish several cases.

jet will penetrate a steel targetatU= Y!= 5 mn a. In the case of well-formed copper jets, it
()2 is believed that ductile drawing makes I"l con-

per ,,sec, according to (5), giving a stagnation stant, out to a large standoff. Hence P =

pressure Ps :- 500,000 atmospheres, roughly. p (1 .. aS). Other fluid jets are less effective;

This greatly exceeds the yield strength of steel, this may be due to lower density, wavering, or

justifying the hydrodynamical model. other factors.

2-77. Penetration: "First Order" Theory. The b. In the case of perfectly alined particle

considerations of paragraph 2-73 lead to anim- jets, p1 decreases in inverse proportion to dl,
portant modification of formula (4), by Pughand so that a formula of the type P = P0 4.1 --S
Fireman, which explains the observed variation is inferred.

in penetration with standoff. In this modifica- c. In the case of unalined jets, whether due

tion, one assumes a gradual variation in the jet to imperfections or rotation, Pj decreases also

velocity and density along its length, so that in proportion to S2 due to "spreading," so that

Bernoulli's Theorem is locally applicable. This a formula of the type

gives PO C/ •oS

I f dl (6) S

117JlUp7) is inferred.

where p (x) is the "effective" density of the jet Curves of the preceding type can be roughly
fitted to observed data; the large experimental

when it reaches the target. scatter prevents drawing more exact conclu-

Looking only at the first factor in (6), we see sions. Ideally, especially in the case a above,

that, for different target materials, P _I it might be possible to infer an optimum Vo(x)

t daP from theoretical considerations. But a large
Thus, weight for weight, low-density materials amount of empirical work at Bruceton, during
provide the best defense against shaped charges, World War II, failed to improve substantially
so long as Vj(x) is so large that the target on conical liners.

yield-strength is negligible. For mild steel,
with a yield strength of 8,000 atmospheres, this 2-78. Effect of Rotation. It was observed as

corresponds to Vj N>450 meters per sec, which early as 1943 that rotation caused a large de-

is not verified near the tail end of the jet. This crease in penetration (P), and that this effect
explains qualitatively why penetrations into was especially noticeable at large standoff.
mild steel are 10 to 15 percent deeper than p
into armor, which has greater yield strength. Typical records of d as a function of ,d (refer

However, the proportionality P 1.1 has been to paragraph 2-75) are plotted in figure 2-12.

confirmed approximately for many materials. The reduction in penetration by spin may be
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attributed to lateral dispersion of the jet, which ing rotating jet is in process of construction.
decreases its effective mean density. This The effect of rotation is discussed in detail
lateral dispersion is also evident in X-radio- paragraphs 5-121 through 5-128.
graphs. Thus, the jet velocity and momentum
are about the, same as for unrotated liners. 2-79. Rotation Compensatior. Attempts have

been made to improve the performance of
Assuming that jet particles move in straight spin-stabilized shell by using various nonconi-
lines, we may 'correlate with the penetration cal, axially symmetric liners (refer to para-
theory of paragraph 2-77, since the mean den- graph 2-128 following). However, such attempts
sity (p) will be proportional to the inverse have not been promising at high rates of spin,
square -a--of the standoff (S). Thus, at large and so the major emphasis has been on the

standoff 1S), the penetration (P) should be propor- design of fluted liners not having axial symmetry.

tional to •, -nd one may expect a decrease in The idea underlying the use of fluted liners is
penetration as standoff lengthens. that of "spin compensation" - that is, of annihila-

ting the angular momentum of the liner so as to
X-ray pictures sometimes show a bifurcation of inhibit the jet spreading already discussed in
the jet. A theory of the instability of a lengthen- paragraph 2-78. This is not quite the same as
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Figure 2-12. Relation of penetration to rotational velocity
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the original idea of using "offsets" (see figure but also its magnitude for the shapes discussed
2-13a) to make most of the liner collapse on in detail in paragraphs 2-129 through 2-139.
the axis.

LINER PERFORMANCE
Generally speaking, one may hope to achieve 2-80. Measures of Liner Performance. Liner
some spin compensation by using wavy flutings,
in which the wall is thicker on the forward side, performance is measured in terms of penetra-
as in figure 2-13b. This is because the mo-

mentum transferred isnearly normal tothe liner terial, usually mild steel. Both mild steel and
surface, and proportional to its thickness. homogeneous armor are used, but the two are

not equivalent. Different grades or types of mild
Near the base of the liner, where rotation effects steel all give about the same average penetration

for a given shaped charge design, but this is not
are o serious, one may also hope to convert true for homogeneous armor. It is reported
some of the axial momentum of the explosive that the penetration of a given jet into steel at a
behind the shock wave into rotational momentum, fixed standoff varies essentially linearly with the
by using spiral flutings, whose angle with a Brinell hardness of the steel. Recent work at
plane through the cone axis becomes progres- Ballistic Research Laboratories and Firestone
sively st eeper toward the base of the cone. indicate that the relative penetration into mild

However, the mechanism of spin compensation steel and homogeneous armor is also affectedby
standoff. The data show that the homogeneous

is not yet clearly understood. Thus, with armor is more effective at the longer standoffs.several designs, even the direction of spin For convenience in measuring depth of pene-
compensation is reversed by changing the num-
ber of flutings, and this seems hard to explain. tration, targets are often made of stacks ofplates 1/2 to 3 inches thick. There does notAgain, the consideration that uniform pressure seem to be any objection to this practice if the
of the explosive on the surface, however fluted, seem lie an ech other.
would produce exactly zero compensation, shows plates lie flat on each other.
that a fairly sophisticated theory is required,
one that must probably include a detailed dis For some purposes, a better measure of liner
cussion of the explosive-liner interaction, per- performance is givenby the volumeof the hole or-haps by numerical methodse its smallest diameter. For most purposes,

particularly as a measure of lethality, the best
measure would probably be some factor whichFor the present, we must rely mainly on em- indicates the amount of damage done behind a

pirical data. Any successful theory must ex- given target plate by the residual jet andspalled
plain not only the direction of spin compensation material from the back face of the plate. It has

so far been difficult to define such a measure,
and even more difficult to determine it fromthe
test. In this discussion total depth of penetration

w into mild steel will be used as the measure of
liner performance, except where stated.other-
wise.

2-81. Factors Affecting Liner Performance.
Shaped charge liners have been made in a variety
of shapes, including hemispheres, spherical
caps, cones, trumpets, and combinations. Coneshave become almost standard, with hemispheres
and trumpets occasionally used for special

purposes. The results given in paragraphs
2-80 through 2-95 will be confined to simple
cones, except for some brief remarks in para-
graph 2-90 on double-angle cones and other
unusual shapes. The gross factors affecting
liner performance are the explosive charge

Figure 2-13. Liner fluting (discussed in paragraphs 2-112 through 2-118),
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the standoff, aid the diameter, angle, thickness, or by spinning. Such methods did not produce
and material of the cone. It is generally as- very good cones and were soon abandoned.
sumed that a linear scaling relation exists for However, it is reported that spun cones that
shaped charge performance (paragraphs 2-75, compare very favorably with drawn cones can

S2-123, and 2-132) and there is considerable now be obtained. The poor performance of some
evidence that a linear relation is valid. For of the early spun cones can now be better under -
this reason, liner dimensions in this 'chapter stood in the light of recent work which shows
will be given in terms of cone diameters - the that spinning produces a small amount of built-
inside diameter of the base of the cone- and in spin compensation.
the diameter of the cone can be eliminated as a .b. Drawing When the demand for cones
factor affecting the liner performance.* Details became sufficient to justify the cost of dies,
of liner design which affect liner performance cones were made by drawing, and this is the
include tapered walls, the base flange, and the, method usually used today for production quaj-
presence of a spit-back tube. When a spit-back titles. Its advantage is low cost. its disad-
tube is not used, the configuration of the apex - vantage is relatively lower accuracy, in those

- whether shaip or rounded - seems to make cases where extreme accuracy is required in
little difference. the finished cone, than can be obtained by

machining. Since the accuracyrequired is rela-
The effect of accuracy of the liner is discussed tive, it is sufficient for large. cones, but may not
in paragraphs 2-84 and 2-85. The effect of ac- be sufficient for small ones. This method is not
curacy of the complete round assembly will be usually suitable for small quantities of a given
discussed in paragraphs 2-108 and 2-109. design on account of the, cost of; the dies.

c. Casting. Various methods of casting
2-82. References. Where numerical data are have been used. For a metal that shrinks when
given, references to the source of the data are it freezes, casting by itself usually gives poor
usually provided. The references most com- accuracy. If a suitable metal, probably an
monly used are coded in the figures as follows: alloy, which yields accurate and homogeneous

NDRC Division 8 references are to interim castings is found, casting may become an impor-
reports for the period given. tant method of manufacture for cones. It has

E. 1. du Pont de Nemours and Co. (Do Po been reported by Mr. G. C. Throner, formerly
references give the date of the report, of the Naval Ordnance Test Station, that cones

Carnegie Institute of Technology reports cast with Zamac 5, a zinc alloy, gave 6.2 cone
labeled CIT-ORD-No., are the "Fundamentals diameters penetration in mild steel targets,
of Shaped Charges" series, which compares very favorably with copper

Firestone Tire and Rubber Co. reports, cones. Work on this type of alloy is continuing
labeled FTRC No. are monthly progress reports. at Firestone and at Ballistics Research Labora-

tories.
2-83. Methods of Manufacture. Cones may be d. Machining. For a few cones of very high
made by any of a number of processes. The accuracy, or where the cost per cone is not of
most common methods used in the past are spin- primary importance, machining from bar stock
ning, drawing, 'casting, machining from bar is preferable to the methods mentioned above.
stock, and electroforming followed by machining. Annealing the bar before machining may be

a. Spinning. In the early days of shaped desirable. There may be some difficulty in the
charge work, when the 'demands for cones were machining near the apex, especially on the inside.
small, they were made by cutting a sector from ilecause a cone is machined, it does not neces-
sheet metal and rolling it to the desired shape, sarily follow that it is accurately made; what is

meant is that accurate cones can. be made by*Carnegie Tech suggests the use of charge diameters met if the requred care i sd.
or. better still, calibers as a fairer measure of this method if the required care is exercised.
performance. Caliber is an overriding limitation on e. Electroforming. . Electroformed cones
penetration. One can get-better results with ai given are deposited on an accurately made mandrel,
cone diameter by increasing case thickness and and so have an accurate inner surface. If it is
hence confinement, or by inc.easing the charge di- machined on. the outside, means must be pro-
ameter (see paragraph 2-93), which also gives the
effect of more confinement. Either method, how- vided for chucking accurately and checking the
ever, necessitates a larger caliber. (See also a.in mandrel when it is put back in the lathe to in-
paragraph 2-110.) sure that the outside runs true with the inside.
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Carnegie Institute of Technology has reported parently resulting from an unusual crystal struc-
favorable results with cones electroformed ture that gave pour penetration in static firings.
and peened, without machining. Theory indicates that for the fast moving por-

tion of the jet penetration obtained is iropor-
2-84. Desirable Properties of a Liner. Aside tional to the length of jet and the square root of
from the fact that a given method of m-anufacture the jet density. The assumption that the jet den-
may be suitable for use with one material and sity is the same as that of the cone is about as
not suitable for another, the method of manufac- good a guess as any, if the jet is a continuous
ture affects the quality of the cone in two ways: one. On account of the velocity gradient, the jet
the accuracy of the cone, and its metallurgical lengthens as it travels. The stretching of the
properties. jet eventually causes it to break up intoa series

a. Geometrical Accuracy. The formation of of particles. Thus, if the jet did not break up
a shaped charge jet from the collapsing cone is into particles, its length and penetration would
a critical process. Ideally, the walls of the cone increase linearly with time and, consequently,
collapse and meet exactly on the axis of the cone. with standoff.
If, for any reason, one side of the cone collapses
at a faster rate than the opposite side, they will Penetration standoff data show that penetration
not meet on the axis. This results, generally, increases with standoff up to a maximum value
in a crooked jet and the point of contact of the of penetration, the corresponding standoff being
jet wanders on the surface of the target, giving called the "optimum" standoff (figure 2-14).
impaired penetration. Thus, it is very impor- Beyond the optimum standoff the average pene-
tant that sections of the cone perpendicular to tration decreases with standoff, while the best
its axis be true circles, with centersonthe axis, values of penetration approach an asymptotic
and that the walls be of uniform thickness around value. The decrease in penetration from the
a circumference. Uniform density of the metal linear value to the asymptotic value may be
is also required. Monotone variations in wall ascribed to breakup of the jet, while the decrease
thickness along a slant height do not seem to be from the asymptotic value to the average value
so important. Waviness along a slant height is due to increasing spread of the jet. Thus,
appears to be an undesirable characteristic, for good penetration the jet should be capable
Axial symmetry in the explosive charge and the
assembly are discussed in paragraphs 2-108, T -1-1 -r-i-T I
2-109, 2-116, and 2-117. L NEAR

b. Metallurgical Properties. The metallur- PENETRATI0N-

gical properties of the liner depend strongly on
the method of manufacture as well as on the
material and heat treatment. The metallurgicalZ DECREASE DUE TO
problem is difficult to analyze on account of the BREAK UP OF JET

extremely high pressures and rates of strain and - flI ~BLEST
the excessive amount of plastic strain. For these PENERATIO-
reasons it cannot be said that the properties of z
the jet are the same asthe propertiesof the cone. 9 SPREADOF D ETo
Also, it must be remembered that the important •

properties are those under the high pressures z
and rates of strain mentioned above. That these -
may be very different from the properties under
ordinary conditions is emphasized by the fact that PENE__T___O
glass cones give penetrations in concrete targets
greater than might be expected from the "metal-
lurgical" properties of glass. Nevertheless, it
has been found possible to make some very in-
teresting and important correlations between
properties of the liner, principally crystal struc -
ture and melting point, and behavior of the jet. • W.L.L.

One of the most interesting features is a built-in STANOOFF

spin compensation factor in certain cases, ap- Figure 2-14. Degradation of penetration

2-38 CONFIDENTIAL

_ _ ~ - - -* -* * _ _ -- ~.-** --* *-** --



CONFIDENTIAL _
of attaining a great length before breaking up. 0.001-in. ,naxinmum wall variation in trans-
The ability to do this will be affected by the verse plane;
metallurgical properties of thi jet. If experi- 0.005-in. nu•ximuni wall variation in longi-
mental penetrations are adjusted for the effect of tudinal plane;
density of the jet (cone), the following conipari- 0.003-in. maxinum waviness.
son is obtained: These were simple copper cone.i, 45* apex angle,

Copper 100% 2 3/4-in. diameter, 0.062-in. wall thickness.
Aluminum 110%oSteel 75u1% RecoIlmmended tolerances for wall thickness of

Zinc 65% the blank for 57-mm and 105-mam cones (fluted
Lead 50% cones, rotated) are given in paragraph 2-138.
Glass 40%1 The 57-amm liners are about 1 11/16-in, dia-

meter, 0.054-in. thickness; the 105-amm, 3 1/4-
One may conclude that copper and aluminum in. diameter, 0.100-in. thickness. These toler-
have metallurgical properties superior for ,uces seem a little more liberal tham those
shaped charge cones, while lead and glass have quoted for the 90-mm. Since the latter -ere
inferior properties. A desirable material would determined from firings with inaccuracies of
have properties similar to copper and aluminum, 0.004 in. to 0.005 in. of wall thickness, it might
and a high density. be possible to bring the 90-mm tolerances in

line with the 57-mm and 105-m. General ob-
2-85. Experimental Results of Inaccuracies in servations of miscellaneous tests indicate that,
the Liner. Tests performed by BRL and the for 3/4-in. diameter, 45° electroformed cones,
Budd Co., on intentionally malformed cones, variation in wall thickness should be less than
indicate that for maximum penetration from 0.001 in. for 0.025-in. thick cones and not more
simple cones the axial symmetry of the liner than 0.002 in. for 0.050-in. thick cones.
should be as nearly perfect as can be obtained,
especially near the base of thecone. Deviations One might expect tolerances, on wall thickness
from axial symmetry only reduce penetration, to increase with the thickness. Experience with
In a lot with random deviations, even small small cones (3/4-in. diameter) has indicated that
average deviations may result inalargedisper- a 4 percent inaccuracy on 0.025-in. cones is
sion. Variations in wall thickness along a slant more damaging than a 4 percent inaccuracy on
height are also important, but their effect isnot 0.050-in. cones. However, this may be due to
as serious as those around a circumference, the ease with which thin cones become out-of-
The requirement of axial symmetry extends round due to handling. It was found that partic-
also to the explosive charge and the assembly ular care must be taken with 0.015-in. cones to
as well as to the cone. prevent this. The writer has seen no discussion

about whether large-diameter cones require
2-86. Tolerances. Tolerances on the cone smaller percent tolerances than small-diameter
dimensions have been recommended for some cones, though this question merits consideration.
designs. This does not imply that there exists
a tolerance within which the cone performs pro- 2-87. The Effect of Design Parameters on Pene-
perly and beyond which it does not perform tration. The effect of standoff, cone thickness,
properly. Any deviation of the cone from axial and cone angle will be presented in the form of
symmetry will, in the long run, result in a de- graphs. These curves are based on data pub-
gradation in performamice, either in average lished by various groups of investigators work-
penetration or variability, or both. However, it ing at different places and different times. Under
must be remembered that extreme accuracy in these conditions, differences in results are to
cone manufacture is very expensive. Thetoler- be expected. It is to be remembered that cones
ance allowed must be a comprormisebetweenthe available in the early days of shaped charge
desire for top performance from the round and investigation were of relatively poor manu-
what one is willing to pay for it. facture. As the importance of accuracybecame

known and methods of manufacture improved,
For the 90-mm T108 round the following toler- the quality of cones improved; this resulted in
ances were recommended in the Aberdeen increased average penetrations and smaller dis-
Proving Ground Memorandum Report: persions, especially at the longer standoffs.
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This subject is most readily divided into early Similar curves can be plotted for larger angle
work and recent work. Where cyclotol and cones front the data given in We NDRC Division
pentolite arc quoted as the explosivc, the usual 8 interim reports and the Du Pont reports. From
compositions, 60/40 HDX/TNT for cyelotol and these data, the nhmaxinmum penetration for any
50/50 PETN/TNT for pentolite, were used, standoff is plotted in figure 2-16 for the differ-
unless otherwise stated. ent cone angles. Figure 2-17 shows the opti-

mumn standoff and thickness as a function of the
2-88. Early Work With Simple Cones. Figure cone angle. Sinc steel is not regarded favorably
2-15 shows penetration of steel cones into mild as a liner material, these data are of limited
steel targets for 300 cone angle and various usefulnet3s, but material shortages in an all-out
cone thicknesses. This work was done in the war may force the use of steel again. The data
early part of the war andthe quality of the cones do show that standoff, cone thickness, and cone
was probably not too good. Cones were, getter- angle are interrelated, and that ifanyofthese is
ally, I 5/8-in. diameter, cast in I 5/8-in. uncon- changed it may be necessary to change the others
fined pentolite charges of 4 to 5 in. length, and for best results. For example, a comparisonof
fire.! statically at zero obliquity. Each point cones of different angle may be biased, unless
was the average of five shots, except where the thickness is also changed.
shown on the graph. Curves were drawn by eye,
with some attempt made to keep all curves of Figures 2-18 and 2-19 show penetration as a
one family of the same general form. For most function of standoff for 450 copper cones. Here
of this work, the dispersion, especially at long there is a distinct difference between the two
standoffs, was large. sets of data at the longer standoffs. The reason

for this difference is not known positively, but
The generalcharacteristicof penetration-stana- it is probably due to a difference in quality of
off curves for cones of early manufacture is a the cones, since recent work with cones of high
maximum penetration at a small optimum accuracy tends to confirm the Du Pont data.
standoff, the penetration decreasing sharply for
larger standoffs. The optimum standoff in- Figures 2-20 and 2-21 give the results for alum-
creases with the cone angle. inum cones. They show the characteristic

I- 1T IA I I I
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Figure 2-15. Penetration versus standoff for 300 steel cone and mild steel targets
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property of aluminum: the fact that penetration Figures 2-28 through 2-30 showre' ilts obtained
holds up well at long standoff. Considering its under conditions very different from those for
low density, one might expect that aluminum the previous data. These charges were fired in
liners should be thick -as compared to steel or shell bodies or cases closely simulating shell
copper, but figure 2-20 does not show any ad- bodies. Thus, the explosive charge was short,
vantage for the thicker liners. in comparison with its diameter, and fairly

heavily confined. The accuracy of the cones was

Figures 2-22 and 2-23 show the performance of very good. Figure 2-28 shows a very good

zinc and lead cones, neither of which are of con- penetration, fairly flat penetration-standoff
siderable importance at present. However as curve, and a long optimum standoff. Figurementioned previously, the Naval Ordnance Test 2-29 shows an optimum cone thickness of 3per-Stmtion has recently reported, informally, excel- cent, which, is somewhat heavier than that fort unconfined charges. This is in agreement withlent results from a castable zinc alloy, the general observation that, if the charge dia-

meter is increased or the charge is confined,
2-89. Recent Work With Sjmple Cores. Figures the thickness of the cone should be increas i'
2-24 through 2-27 show penetration as afunction for optimum penetration. Figure 2-30 gives 2.e
of standoff for copper, steel, and aluminum cones results of varying the cone angle under different
of a constant thickness for cone angles ot 22', conditions of constant explosive loading. The
440, 660, and 880. The tmndency of aluminum to results are, therefore, not of general application.
maintain its penef ration with increasing standoff A penetration-standoff curve obtained from
is evident, as is also the tendency fox optimum firings at the Ballistic Research Laboratories
standoff to increase with cone angle. These is given in figure 2-31. These were drawn,
curves do notnecessarilyshowoptimumresults, 105-mm cones of good accuracy, confined in
since thickness may not be the best for some shell cases and fired against mild steel targets.
angles. Penetrations were unusually good and held up

_ _ __ well at long standoff.

-- .. 36 Figures 2-32 through 2-34 give the results
of recent firings at the Ballistic Research Lab-

.0..4 -o oratories. These were smnall cones, 0.750-in.
"" l' 1.4- inside diameter, oi electroformed copper mi-

_______I chined on the outside to ab6ut U.0005-in. toler-

"2 3- ance. They were fired in unconfined pentolite
charges of a diameter 20 percent greater than
the cone diameter, and oa a sufficient length

E (two cone heights above the apex) to insure that
_lpenetration was not restricted by short charge

length. The cone thicknesd was much greater
;tojndotf in cone than that usually used. Figure 2-32 giveF

-d-momters penetration as a function of standoff for 300
S 1.23 cones. Similar curves were obtained for 20%, 460,...... 2.45 and 60*cones. The results of most interest are-.-m.----3.66 those for the small-angle cones, which gave

excellent penetration and a large optimum
standoff. This is at variance with previous- ' results. fz: steel canes of smaller wall thick-

ness and aith charges the same diameter as the
- -cone, for which both optimum standoff and

- '- maxirmum penetration decrease with tone angih

-t 4 1 5 1 6 1 0 , , 1 , 1 1 , j (compare figures 2-16 and 2-17 with figures3o 4 a in d5 2-33 and 2-34). However, figure 2-15 doesCong angle in degrees show the penetration increasing wi~th cone thick-

Figure 2-16. Penetration versus cone angle ness even up to the maximum thickness fired.
for steel cones and mild steel targets Figure 2-33 shows that the cone thickness is
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not critical for 460 cones; this is not true for cones consisting of an inner layer of one metal
other angles, especially 200 cones. Figure with an outer layer of another metal. It does
2-34 shows maximum penetration as a func- not include cones the apex end of which is of one
tion of cone angle. It is thought that the dlif- metal, the base end of another metal. In most
ferences in optimum standoff given are not of cases the composite cone consists of two sepa-
any significance, since no definite trend is shown rate cones nesting in intimate contact. However,
and the penetration st'rndoff curves are fairly in the case of copper-clad steel, the two metals
flat. The optimum thickness for 460 seems a are bonded together. Table 2-10 lists penetra-
misfit. It is possible that a trend in thickness tions into mild steel targets by 45* cones 1.63
might be shown if intermediate thicknesses in. in diameter. For comparison, results from
between 0.033 axd 0.066 had been used. single metal cones are given in each case.

2-90. Bimetallic Cones and Nonconical Shapes. Nonconical shapes include hemispheres and
The term '"bimetallic cones" will be applied to spherical caps, trumpets, and combinations.

Table 2-10

Cone Thickness

Outside Center Inside Total 3tandoff Penetration
(in.) (in.) (in.) (c.d.) (c.d.) (c.d.)

Steel ... Aluminum 0.035 7.4 2.6
0.017 0.040

Aluminum ... 0.036 7.4 2.6

Steel ... Aluminum 0.0&4 5.5 3.5
0.036 0.036

Aluminum ... 0.036 5.5 2.9

Steel ... Ccpper 0.018 0.9 4.0
0.018* 0.012

Copper Steel Copper 0.025 1.0 4.0
0.005* 0.018 0.018

... Copper ... 0.024 1.0 4.3

Copper Steel Copper 0.031 1.2 4.3

0.010" 0.029 0.025

... Copper ... 0.031 1.2 4.6

Steel ... Copper 0.044 2.5 4.7
0.036 0.03G

... Copper ... 0.030 1.4 5.0

Steel ... Cadmium 0.0)5 0.9 3.0 1
0.018 0.006 -

Steel 0.015 1.3 3.5

*Coppez -cad
**Copper-clad, 42', 2.07-in. dia.
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Figure 2-17. Optimum thickness and optimum standoff versus cone angle for steel cones
and mild steel targets

Radiographs indicate that hemispheres do not not show any increase in penetration for the
collapse, with the formation of ajet, asdo cones; double angle. In the French 73-mm round,
they turn inside out before collapsing, the whole the change from one angle to the other was made
liner being projected as a stream of particles, smoothly and the liner wall was tapered. This
Spherical caps (segments) are fragmented and round gave peak performance at normally avail-
projected as a cluster of particles which maybe able standoffs.
more or less focused, depending on the cur-
vature. Some work has been done with spherical An almost infinite variety of combinations is
segments, especially by the British. The re- possible. Complete coverage is not warranted,
sults were, generally, poorer than those from since, generally speaking, the penetrations
hemispheres. achieved from them- are inferior to those from

cones.
Interest in double-angle cones has been revived
recently, due largely to certain advantages shown 2-91. The Effect of Tapered Walls on Pene-
for the French 73-mm round. Early firings of tration. The British suggested that, since the
double-angle cones, in which the change from thickress of liners should scale as the diameter,
one angle to the other was rn le abruptly, did a cone would logically be thicker at the *se
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CIT 6 (no confinement)

__L C 10 can be obtained by the use of tapered-wall cones.
"0 I I.I IJ__ However, it is possible that if the right com-0 1 2 3 4 5

Standoff ir. cone diameters bination of thickness and taper can be found,

Figure 2-18. Penetration versus s'?andoff for improved results may be obtained.
450 copper cones and mild steel targets 2-92. Wires and Other Obstructions Within the

than at the apex. This idea has been followed Cavity. A very large number of tests have been
up by several groups of investigators. conducted to find the effect of wires, coils,

simulated firing pins, and so on, placed within
In general, it does not seem likly that any the cavity of the cone or on the axis in front of
very appreciable improvement in performance the cone. Practically all of these items werein
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Figure 2-20. Penetration versus standoff for 450 aluminum cones nnd mild steel targets
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Figure 2-21. Penetration versus standoff for Figure 2-22. Penetration versus standoff for
450 aluminum cones and mild steel targets 450 zinc cones and mild steel targets

connection with fuzing. All such obstructions change in the geometry will consequently cause
almost invariably cause very serious impair- a change in the velocity and in the velocity
ment of the penetration, often as much as 50 gradient. With the larger diameter charge,
percent. which has an explosive belt, the major portion

of the release wave is initiated on the lateral
2-93. Flanges. The effect of the base flange surface, but a small portion is initiated along
of the ccne on the jet formation is somewhat the base of the explosive shoulder during the
curious. The data given in table 2-11 were re- later stages of the cone collapse process. This
ported by Du Pont workers for M9A1 steel small portion of the release wave produces a
cones 450, 1.63-in, base diameter, flange 2.0- greater gradient in the velocities of the rear
in. diameter, unconfined. elements of the jet, which contain a large frac-

tion of tle jet mass. To be of benefit, the mag-S~Table 2-11
T 2nitude of this gradient should be neither too

great nor too small. If it is too large, this por-Dia. of Penetration, mild steel tion of the jet will break up quite rapidly and
explosive 1-in. standoff

(in.) (in.) No. rounds become ineffective. If it is too small, proper

1.63 5.45 4

1.75 5.70 5 _1 202

1.88 4.50 5 S

2.00 4.00 5 2

C Reference: DuPont 3/43As the diameter of the explosive is increased .2
beyond the cone diameter, there is a slight 7 Thickness of cons wait
increase in penetration, followed by adecrease. Z in cone diametersSimilar effects have been noted by other ex- 0 .023

perimenters. The Carnegie Institute of Tech-
nology explains this effect as follows. The I - I I I I I I I I I I I I I I I I
velocities and the velocity gradients al, g a jet 0 i 2 3 4 5
are quite sensitive to the times of ariival of Standoff in cone diameters -

the release wave at the liner. Since the release Figure 2-23. Penetratimo versus standqfffor
wave is initiated at the charge boundary, any 450 lead cones and mild steel targets
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Figure 2-24. penetration versus standoff for 220, 0.023 c.d. thick cones and mild steel targets

lengthening will not be achieved for efficient suits at the Ballistic Research Laboratories
penetration. This, in essence, explains the ob- show that cast beryllium copper cones, whose
served optimum charge diameter for a liner of normal penetration was low, were improved bygiven base dimension, annealing; that electroformed copper cones were

not affected by annealing, except that when the
2-94. Effect of Spit-Back (Flash-Back) Tubes, annealing temperature was increased to l,4000 F
For some types of fuzing, a small tube, called a the c ones blistered on the inner surface, with a
spit-back tube, is attached to the apex end of the decrease in penetration; and that cones madeby
cone, extending away from the cavity. The por- a shear forming process, which worked the metal
tlon of the apex inside the spit-back tube is re- so severely that its structure was impaired, were
moved. For M9Al steel cones in unconfined improved by annealing.
charges, the presence of the spit-back tube
caused little change in penetration, or a slight THE UNFUZED WARHEAD
decrease. For copper liners in confined charg-
es, there was no change, or an increase up to 2-96. Introduction. To accomplish its mission
20 percent. satisfactorily a projectile must be capable of

defeating its assigned target, and of flying ac-
2-95. Effect of Annealing. Results of tests to curately enough to assure a high probability of
determine the effects of annealingtand of harden- striking the target with the first or second
ing steel cones show that the penetration from round fired. While flight of the projectile is
drawn M9AI cones is not changed by annealing, properly the problem of the exterior ballistician
but that the penetration becomes progressively and the destructive capacity that of the terminal
less as the hardness is increased. Drawn cop- ballistician, the requirements of accuracy and
per cones show no change with annealing. Re- of destructive capacity are so often at variance
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that the designer is compelled to make compro- Table 2-12 contains typical accuracy, range,
mises and to attempt to ar-ive at the best over- and velocity data for existing shaped charge
all balance of accuracy and destructive potential. projectiles. The range shown in the table is
The effect of various design parameters will be that which offers a fairly high probability for a
discussed here only in relation tothe limitations first-round hit on a small target (such as a tank)
imposed upon the designer by the realities of and is not tobe confused with the maximum range
practical shell design. An effort will be made to of the missile.
trace the development of a typical warhead and
to point out the general areas where successful The caliber or size of the missile depends upon
compromises have been made. its required destructive capacity, its peak ac-

celeration, and the type of weapon from which
2-97. Selection of Weapon Type and Size. The it will be fired. Although perforation of the ta:e-
design for a specific type of shaped charge get is a necessary condition for the defeat of a
missile begins with the performance specifica- target, it is not sufficient. Unfortunately, very
tions for the weapon system. The range, ac- little is known about the effect of shaped charge
curacy, and mobility requirem ents deterinine the design parameters on the extent of. damage
velocity of the projectile and the type of wvapon beyond penetrable armor. The work which has
required, while the maximum penetration deter- been reported is insufficient for establishing
mines the minimum size of liner and charge. adequate criteria for shaped charge effective-

4
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o3

0 F
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C
0_

Cone material

X Copper Reference:

0 Iron CIT ORD32

* Aluminum

0 I 2 3 4 5 6
Standoff in cone diameters

Figure 2-25. Penetratimo versus standoff for 440, 0.023 c.d. thick cones and mild steel targets
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Figure 2-26. Penetration versus standoff for 660, 0.023 c.d. thick cones and mild steel targets

Table 2-12

Range Velocity Typical ballistic accuracy
Type (yards) (fps) (probable error)

Bazookas and grenades 100 to 400 150 to 250 * 2 mils

Rockets (fixed launchers) 1,000 to 4,000 1,000 to 4,400 * 1 to 2 mils

Recoilless rifles 5,0 to 2,000 500 to 2,200 * 0.5 mil

Guns and howitzers 1,000 to 2,000 1,000 to 4,000 * 0.15 to 0.30 mil

ness. It has become customary, therefore, to The maximum thickness of the armor to be
evaluate shaped charge effectiveness on the basis penetrated, without provision for any "residual"
of depth of penetration and relative hole volume, penetration, quite clkearly establishes the mini-
and to trust that a Drovision for some arbitrary mum diameter of the liner and charge. Based
"residual" penetration -usually 2 in. of homo- upon present standards of shaped charge per-
geneous armor - will be enough to assure the formance, the minimum diameter of anunrotat-
defeat of the target. Additionalstudiesofshap'.d ed copper cone (D in.) required to penetrate a
charge effectiveness should certainlyprovetobe given thickness of armor (T in.) 90 percent of
fruitful avenues for futher research. the time, without provision for residual damage
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effect, may be estimated quite well by equation angle and method of mounting of the cone, the
(7). amount and distribution of the explosive, the

size and positioning of the booster, provisionPD + T+ in. homogeneous armor, BHN 300 (7) for the fuze, and the manufacturing precision
5 required for obtaining the shaped charge per-

Table 2-13 shows the penetration level above formance predicted in table 2 -13 remain to be
which 90 percent of the rounds would fall for determined.
cones and charges of various diameter.

2-98. Consideration of Liner Parameters. Al-
Table 2-13 though the effect of various liner parameters -

shape, material, wall thickness, cone angle, and
Approximate projectile so on - are described in detail in paragraphs

D (in.) T (in. armor) caliber (mm) 2-80 through 2-95, the projectile designer is not
25 LO 75 free to treat these parameters independently.

2.5 11.05 He must be guided in his choice by the projectile
2.7 11.5 parameters fixed by the requirements for pro-
2.8 12.0 jectile accuracy. It is therefore quite appro-
2.9 12.5 priate to treat each of these -parameters here
3.0 13.0 90 in order to illustrate the manner in which a
3.1 13.5 judicious choice of each of these parameters may

3.2 14.0be related to the boundary considerations of
3.3 14.5
3.4 15.0 the projectile design.

3.5 155 1052-99. Standoff Distance. In a real projectile
3.6 16.0
3.7 16.5 the effective standoff distance is determined by
3.8 17.0 the length of the ogive, the velocity of the pro-
3.9 17.5 jectile, and the fuze functioning time. Although
4.0 18.0 1the optimum standoff distance for a wella-made
4.1 18.5 120 conical liner. is usually more than four cone
4.2 19.0 diameters, the actual standoff is usually limited
4.3 19.5 to from one to three cone diameters by aero-
4.5 20.0 ____________ dynamic considerations involved in ogiv" shape

and size. However, this standoff may be enough
After selecting the type of weapon and velocity to permit the attainment of about '90 percent of
from the accuracy and portability requirements, the penetration expected at optimum standoff.
and the minimum size of cone and charge from The shorter standoff has advanitages in certain
equation (1) and table 2-12, the caliber of the instances. For example, if the shell must be
missile may he determined from the thickness rotated at some low spin rate, 10 to 15 rps, in
of the projectile walls required to withstand the order to achieve projectile accuracy, the opti-
stresses of firing, mum standoff may be reduced from four to two

cone diameters. Also, if the enemy employs
Before proceeding with a more quantitative dis- spaced armor in an effort to reduce the effi-
cussion of the effect of the various design pa- ciency of shaped charge projectiles, the spaced
rameters on the penetrating potential of the armor itself may provide the increased effective
charge, we summarize the present state of the standoff required for maximum penetration.
development of the hypothetical projectile. The
type of weapon, peak gun pressure, acceleration 2-100. Charge Lnt.The length of the pro-
forces, muzzle velocity, projectile caliber, cone jectile body, and hence of the charge, is most
size, projectile will thickness, and the material frequently limited by aerqdyniamic performance
of construction of the projectile body have been and projectil e weight specifications. In general,
t~entatively defined. All have been fixed as a the penetration and the hole volume obtained
result of a consideration of the specifications increase with increasing charge length and reach
for weapon weight, weapon accuracy and range, a maximum at about 2 or 2.5 charge diameters
and by the projectile penetration requirements. for heavily confined charges or' four charge
The type, shape, material, wall thickness, apex diameters for lightly confined or unconfined
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charges (refer to paragraph 2-115). In most more valuable than the tapered charge for the
cases involving rockets or projectiles a charge secondary effects of blast and fragmentation
length of two charge diameters can be provided, damage.
and this is sufficient if the charges are sub-
jected to close quality control during manufac- 2-102. Selection of Liner Material. Although
ture and loading. The usual elfect of reduced depth of penetration is not the only criterionfor
charge length is a lowered average penetration, judging the maximum damage to the target,
reduced hole volume, and an increased number there is only limited information available asto

of rounds with below-normal penetration, the relative damage beyond the target causedby
target penetration by liners of different mate-

2-101. Charge Shape. Existing shaped charge rials. Such information as there is indicates that
designs usually have one of the shapes shown in the relative damage decreases in the order
figure 2-35. Although each can be made toper- aluminum, steel, and copper. The relative
form satisfactorily, (a) has the advantages of penetrating ability of various materials is des-
somewhat greater ease of manufacture, high cribed in paragraph 2-84, uid has been the sub-
explosive loading, and blast effect (because of ject of many investigations. If the type of

the larger amount of explosive); (b) and (c) are weapon is such that the caliber of the projectile

sometimes necessitated by the requirements for overmatches the penetration requirement for the
accuracy. There is some slight evidence that a defeat of the prospective target, a most desirable
tapered charge has a shorter optimum standoff circumstance, it may be possible to select
and a slightly lower maximum penetration than aluminum or steel In preference to copper.
the cylindrical charge. The greater amount of But if, as is most frequently the case, the

explosive in the cylindrical charge makes it penetration requirement taxes the penetrating

E .oCu 1-o

" ~Fe
0
0

n_ Al Cone material
x Copper
0 Iron

Reference:CIT ORD 32- 0 Aluminum

05 6
Standoff in cone diameters

Figure 2-27. Penetration versus standoff for 880, 0.023 c.d. thick cones and mild steel targets

2-50 CONFIDENTIAL



CONFIDENTIAL -

r6
__T I r I I '1' 'T _ ..... 1" _ _ I7 1 - r I_ _T T -- I II I I ] I I I -

5

E

0

S 3 Reference: F.T.R.C. 14
Co Cone diameter:3.43"
.o Cone thickness:.0292 C.D.

2

o r I I I I . I I L I I
1 2 3 4 5 6 7

Standoff in cone diameters

Figure 2-28. Penctration versus standoff for 450 copper cones

ability of the projectile, only copper can be that the purity of the material, or the type of
considered seriously. In this case aluminum alloy to be specified, should be that which has
sleeves or bimetal cones shGuid be consiuc :ed. the greatest ductility. This conclusion is de-

duced from the fact that potential depth of pene-

Having reached a decision as to the type of cone tration is governed by the length and density uf
material to be used, it is necessary to specify the jet. The density of the jet is, ot course,
the composition or alloy. Although only very characteristic of the type of material used and
scanty evidence can be cited to support this, it is only slightly influenced by impurities and al-
is the considered opinion of those closely as- loying ingredients. The length of the jet is de-
sociated with the art of shaped charge design termined not only by the size of the cone but
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Figure 2-29. Cone thickness versus penet ration for 450 copper cone$

also by thc velocity gradient resulting from the 2-103. Liner Shape Liners of maf y different
design of the charge, and by the ability of the geometric shapes have been tested for pene-
ductility of the jet mate~rial tosupporttheveloc- trating efficiency (paragraphs 2-90 and 2-91), but
ity gradient, during elongation of the jet, with- experience in the United States seems to indicate
out rupturiag. This effective jet ductility is, that the best and most consistent results can be
of course, dependent upon the inherent ductility, obtained with conical liners of appropriate apex
the strength, and the melting point of the mate- angle and wall thickness. Some very recent data
rial. Much more work has to be done before the indicate that double-angle conical liners may

influence of these factors is understood. At this offer certain advantages, but the performance

shaped charge liners is believed to be oxygen- ciently for a complete evaluation of their truefreelectrolytic copper. worth.
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2-104. Cone Wall Thicknss. For each type of Curves of pcnetration vs. wall thickness are
cone material, standoff, projectile wallconfine- frequently unsymmetrical. A thicker wall
ment, type of explosive, shape of charge, and is generally to be preferred over'a thinner
apex angle there is an optimum wall thickness. wall. The performance of the latter is typified
From the practical consideration of projectile by an excessive variability from charge to
design, however, projectile confinement and cone charge, the former by' good reproducibility with
apex angle are most determining, only a tolerable decrease in penetration. It

would, therefore, seem to be good practice to
Figure 2-36 shows reasonable values of liner select a wall thickness about 5 percent greater
wall thickness for copper cones with apex angles than ihe optimum to assure that in production
between 40' and 450 plotted as a function of the the wall thickness will not be less than optimum.
confinement. As a guide for liners of different
apex angles, or tur shapeb other than conical, Cones with tapered wall thickness have been
... an approximately correct wall thickness maybe studied from time to time (paragraph 2-91).
obtained by maintaining the thickness constant Though more work in this field is desirable,
in the axial direction (figures 2-17 and 2-29). the available evidence indicates that tapered

walls offer slight, if any, real improvement in
the performance of conical liners. The data

e •do show, however, that rather wide tolerances
way be placed on the variation in wall thickness
between apex and base without reducing pene-

, 'tration, provided the wall thickness is held
constant at each transverse section of the cone.

For liners of shapes other than conical (double-
angle, hemispheres, trumpets, and so on) the
observation that optimum wail thickness depends
upon the inclination of the surface indicates

V, that in such cases tapered wall cones may be
"advantageous.

2-105. Cone Apex Angle. The choice of cone
angle is quite important, both from a perform-

._E ance and a manufacturing point of view. Data
0 are available which show that optimum standoff

3 increases with increased apex angle up to about
SRefcrence: F.T.R.C. 20 65*; optimum standoff then decreases as the
CI apex angle is increased. However, theoptimum

I Istandoff is also dependent upon the cone material,
wall thickness, and charge length (figures 2-24

J through 2-27, and 2-34). As with most other
3.43" Cu. cones at 2 19 cd. SO. cone parameters, the effect of apex angle be-

0 1.06cd.constant head of explosive comes less important as the spin rate of the
o 2.7lbs. constant weight of explosive projectile increases. For example, at 0 rps a
x Constant length of explosive 45%, 3.4-in. copper cone penetrates 3 in. deeper

than a-60* cone of the same wall thickness, but
:it 45 rps the difference is less than 1 in.

The penetrating performance of smatl apex

cones. (201) is characterized by lowered effi-
20 30 40 50 60 ciency and increased deviation of scatter of the

Cone angle in degrees data. It is probable, however, that this merely
reflects the difficulty of manufacturing good

Figure 2-30. Penetration versus cone angle cones of very small angle (figure 2-34). With
at constant standoff the precision of modern manufacturing methods
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Figure 2-31. Penetration v..rsus standoff for 450 copper cones confined in shell bodies

the optimum cone angle for projectiles with Back) Tube Cones. In most reported cases
copper cones is close to 40° or 45*. In some involving copper cones where charges differing
cases best penetration performance has been only in the presence or absence of a spit-back
observed with 20* (figure -2-34) cones, and in tube have been compared, equal or slightlybetter
others with 60* cones. As a first choice a cone penetration is obtained with a spit-back tube.
angle of either 400 or 450 may be selected, which There is no effect upon optimum standoff, rota-
will give good performance in projectiles with tion, or optimum wall thickness. In addition to
an ogive length of 2 calibers. the usually better performance of spit-backtube

cones, it 's easier to manufacture cones with a
2-106. Sharp Apex Versus Spit-Back (Flash- short spit-back tube section and to maintain
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close toleraii'c's thlai it is with a shlla 11'e ~jI' ol appl~icaitioni 01i het to~ tlii' voifli':. lIn any'
cole ain d'~I lvs'e djtfjt'ultv i'., t'ilcult e-iett i n( oh tl- jut'lin oi' vvtiiieiitjiir' operationi 1'rai vat ca
ta:itmi g souInd c harige's whecn sj it -bd t'k liii it Inusi U he~ cxri~w 14)Il see thai~t all Ci XVII'SS
cone's are used, Ii attr i at is re illol c'd I £'o n (Ill,' oluc. anud coic.

Even a smciall ollaltit y ojl evoet'm sme ared on

*It is standard pr-actice to specify hard-drawn on siduce of'a (-rat ion bee 40 ow irt)'nt. nug
coipper tubing with a wall thic'kniiss of 0.0)60 to t euepntainb 0Iv-vt
0.065 in. ioc' spit-back tubes. TIhe eff'ect of tubte
diamte flittII s rcitt ved onlylY imiiItedtti itnt ion, but 2-107. Mitithodo(AAtta clii n the Li ner. Y"our
satisfac'toiry results, have bee'n obtained withi _______-_-

tube., having a diameter be'twe'en 210 and 30 different methods of colic att achment'it are
pecetofthtofth on.commonfllly Vempjlot yed: (1) thte coneV fiange' is
percnt o tht ofthi' C~n'.c'rinilwdt be'twe'en ogivvi' nd b~ody flhngi's (M9A2

grenladt'); (2) it is brazed or cetmented (M211AZ
Little information is available onl the effect of Or T205. rocktets); (3) thi', conec flangi' is regis-
method of ittachmiient ofs~lit -bac-ktubsto ),.4tcone(s. ti'red in thet body and c'lamnped fir mly by a
The tubes may bt' integi'al with thit ('one', o(.i' miay threalde'd rinig ori togive M67, T108, T184 HEAT
be attached by mevans of soft. solde'r, brazing;, pr'oj'ctfil's); (4) the conec is pressed iu.to the
buttress threads, cemnenting, or crimping. Al- ogivv and held in place by a locking groove
thoug~h all methods have-been used only the use (TIl19, T138 priojectiles). Although eac'h method
of an integral mounting, buttress threads, cv- has certain advanitages in mniuufactur'e, the last
menting, or crimping are both relatively iniex- two methods have pe(rformied well conusistently
pensive and not -subject to warpage ais a result aid may be used satisfactorily.

7 :=W______________

4i4

0
5-

0

Reference BRL _ __ -

0.066 c~d. cone thickness

_______ _______ o .033 c~d. cone thicknessj

-Std. dev. .066 thickness 0.69 0.68 0.56 3.3
-Std. dev. .033 thickness 0.72 0.5 .5

2 2
Standoff in cone diameters

Figure 2-33. penetb'alion for 3() 'l'c'troforpned copp'r conecs into mild st~c'l targets
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Figure 2-33. Ma•'"imu0m pcnctration into mild steel targets of optimum standoff versus cone
thickness for 460 electroformed copper cones

2-108. Alinement of Cone andCharge. Forbest Tilt of the liner results in a reduced average
and most reproducible performance, the axis of penetration. "The lowered average is the result
the charge and cone should coincide. In actual of a larger number of "poor" shots. There are
practice, however, the axes may be parallel but some good shots, even with angles of tilt as high
displaced: or may not be parallel. Alargenum- as 2.0%, but in general the average penetration is
ber of experiments have been described in which reduced by 50 percent when the cone is tilted 1°,
the importance of these variables is treated. about 20 percent at 0.5', and 10 percent at 0.3,
The importance of extremely careful control and a difference in the spread and average pene-
over this type of imperfection cannot be over- tration can be detected between tilts of 0.050 and
emphasized. 0.15*.

'.T............. " - " ' The second type of misalinement, in which theFtf cone charge axes are parallel but offset slightly,
.. must be controlled just as carefully. In one

Refe,,oce nRL experiment, an offset of only 0.015 in. (I percent
of the base diameter) reduced the penetration-_ -approximately 20 percent.

'• IFrom the standpoint of manufacturing, however,

r - it is not difficult to maintain the coincidence of

4

l/n, ck,, . CO 0066 0066 0033 0o09n, ' iC dl I° I
OcS' 6 60 55 50

0 10 20 30 40 50 60

Figure 2-34. Maximum penetration into mild (0) (b) (c)
steel targets at optimum standoff versus cone

angle for electroformed copper cones Figure 2-35. Typical charge shapes
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the charge and liner within 0.010 in., provided booster is not high. Nevertheless, experience
the cones are properly registered and clamped with several projectiles has showathat the boost-
in place. It is much wore difficult to maintain er does not need to be large; a pellet I in. in
alinement tin brazed, welded, or cemented as- diamieter and 0.4 in. high appears sufficien 't for
semblies. However, regardless of the method 3.5-in. charges- (T208 E7 base element).
of cone attachment and the care cxercised in
maintaining proper alinlemlent, it IS ver'y irnillr-
tant to be able to inspect thre alinemuent after the The effect onl penetration of the "head" of ex-
cone anid ch.tret.c a 'tc a..eritblvd. I've zy t-ff o ii liv r'v, tit t it, di st anuce bit ween the Ii,.-set r aiid
slit olid lit, mniar to avoid blind assemblies of the the apex of the cone, ha:3 beeni examined. Thlt
projectile, hlead of explosive required seemns to vary with

the "order" of the in it iatni. If the iia in chargi'
is satisfactorily initiated in a Symimetrical

2-109. Doostering of the Charge. The size, fashion, Ithle booster may be placed directly above
shape, loca tion, and ahiieneent of the. booster the liner. If, however, the initiation is; boi-der -
have all been Studied. In most eazes electric line, satisfactory performance will hit obtaiii,'d
detonators have been used to initiate the booster. oitd" if the( bootster iv from on,. to two cone
In one t'~li'1'inieiai theihirlcknet.:b tf the booster diamecters above the cone.. If the dcfontator ndsi
w;tý varied fromn 0 to 1 in. without any indication booster aie adequate, it is believed th'qt sat;,.
of a detrimental effe':t upon periormartec, and it faetory shaped charge effect will be obtained
was concluded that the detonator was sufficiently if the booster is not less than I in. above the
powerful to initiate the charge. In a real pro- cone. It does seenm likely, howe-er,. that thc
jectile, however, the detonator is enclosed in a effect ol. misalinement of the cone will becomec
rotor in the fuze, and even though a tetryl lead increasingly severe as the booster is moved
may be employed, the probability of being able toward the cone;, therefore, the booster should
to initiate the charge satisfactorily without a be placed as far rearward in the charge as other

1'F'1 ir"~' design considerations pern,

Lii
(DCr 4.0 Eccentric initiation of the charge has been

4 studied extensively. For point initiation it has
7: C been shown that the detonation wave front is
_J essentially spherical with the detonator at the
< center of curvature. if the detonator is moved

u , 3.0-- off center 'a decrease in penetration is ob-
#A - served, but the effect is relatively small. Plac-

LLJ iag the detonator 0.5 in. off center, in a charge
'.0 length of two cone diameters, resulted in a loss
(n Z in peneptration of 20 percent. Since it is not dif-

Vfl 2.0 ___ ficult to hold booster and detonator alinementto
within 9.060 in., off-axis initiation is not an
anticipated problem with electric or magnetic
fuzes, but some difficulty might be experienced
with a spit-back type fuze. in the latter cast-

Z initiation at a point 0.5 in. off center can occur
W 1.0unless care is taken in assembly of the spitter

Wi. cone.

0 ....... J....i 2-110. Confinement. The relationships between
0 4. cone wall thickness and projectile wallithickness

were described in paragraph 2-104. There are,BasewoIIthicnes % Bse dam. however, other effects of confinement that are

Figuire 2-36. Confinenient versus cane of considerable interest to the designer. In-
wall thickness creasing the confinement greatly increases the
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holt.' vtinivti. This cit'f-tt is nititid wIit'h''zlii' s fi u i'ficia tialigi' ill vlhat g' tiesigri Vciiira

thiitkne'ss ori Ity ai ''bvIl' t" of ii~c Tlt'i it is pocssiblet to) e'xplaini thii'st citaittgts Sat is-
prcsecvc Lof txplosiiin pr-Outl't.s at hfigh in'tssuit' e ltoril iVill llt' l ight of fu I Ida iticiti I i Iinter lma Ilonl,
w!(ill:. till' oi'Nlioivc be'lt re aids, Ithe cxplirisiori ando to jirtdivt q!itimita iviy, Wwhi Iliilil~h lavi' licert

.of (hea pi ottuct s ill Inuci f ile s al rut' nitnot' as t'xp iet cd, grrat iarit. sholtt d btc vir c isd in
det's a Nt cc corsitg. Tilt, ''conf ininig" eli i'ct di's igiting csltcrimciitrs sio a.,; to tic surt, that
ori different illert iiiittr'iais Is, of couisi', Itro.' tilt vairiabhit shitditd may 1wt Ituitst ly ev':loat.-d.
porlal iii t) lci their detsity.

hl ,'aitl exjit-i'iiiitlts Willh chargt's til dialiitt'ci -i.hicllO 1 ic.ip.'ii li 'ntIstji
l~rc than tha~t of (lt, cooit', a sitgni fitan1 'fft't iii a1 t'itiit;t ol. t;llng'Iit itgivc does riot intlcrifcre

wmi note cinths ascs whr:r'i (lit' cnswr With lilt',ora ci1.1 volap.oi process ii i lt' sliali'd
flanlvd. It is cit;ve aha i'gci inxliv 011.ninr. Hloweve r, a numriber of BE '~ATl

be'lt iS, iii coritalt' Wl ~Ili thtt'flat I liija'nhf of t',it slidv Is w tie illrt di' vi!ol itd irt i Ilt- irdolt cc
the pi'itct tattiolt MWd lowt'i. thltit when tilt- fla I It.i Co.trps rtltipoy a1 Wet, itoOtil, (i1' stiki' otight, Whictht

* ~~~wasz' rut MIVed. TIo lo tss Ilir'tl per at ioiri was anrt 'idurt' tct'ni'trat jolt grt':itly. o~givvs ofi Oit:.

i otis itlrat nv t: ri'ateri whi-t' til(' ch rit ',' WVI SIt a l O'ri'tf Itritee~ lit a8 I.V USC ticey Ira vt' IOI i

heavi ,ly 'olifjtt''I. Witli tiltt' tylikailv heavy (-itot r eqiedt- po-i't'stabi'ity. nhioeuitn
finti'nlcilt ofi a 10$ itirn pirtji'ttilt. a loss ill oie ohv nihhgti rgta oia
pIe Ol-iiitt iont tof 40h pt r'i' -i'n ristr IH edf whti a :0. 10-ittI. o v i iv'ai thiigt'rd'a iatcnca
fla nge w~a s backi'd by explios ivt'. li tceetill ~lt'e 0r' I a igletit og ives at Illutro .i ,lii v'elut'it it's upl to

i't'sults~~~~ ~~ ofa 't'ti' ld1 t h httto 2,000 flpS, tMet advant age of iowi'r drag, potssessedt
results nifn afl vtethit' si o tuatdy of ithe effe'd ofi b3' tlti lattIer is much les-s miariked at vt'loiii it hs of
trol nfint'd roiii' fitlx porfrut'nc af lano and a3i .' lit: ,500 andt 4,0101) fjts,

graphil 2-93). Fr'omn thItt's dat a tlti aiuthor' d r'w
tlit following t'or~ti'its tiris. The' effect' of iiti alt 'co g aino i~c'

aI. 'fThe add itiotn otf a sin ill i'S iiitSv e bel It Citrgi' elffi't Iras be' in g ive .'t a r tat deal of
obitainied by iitc''. trigtIt't'I sii iiati(t 'I 1 11 ttitt it iiion . F igurec 2 -37 shows six ofl tire ritany

1.6 to2.0 i. ~totucs ltp'os nalc tie ant tottfigurit'aioris which havv be'en te'ste'd, and also
effect tilt pel ticratitn1 a-tInd tilt' v'olultnt as t lie til' iti'itt tat i otils ecathI of thest' boomis spe rin it.
addt i tin of 0.25 in. itf steeil. cotntfitement. A cons ide rat ion tf de'signs A to F" disc hisvis twit

b. Wheit Iwtav' base confinemtent has beeni imporitant dt'sign rt'quirerments: (1) a frcet space
added to tire, 2 -ut. t'Iargt', the penetraitltiont is, ntot Iess thant 0.6 t'tmnc dnimeters must be pro-
decreased about 27 porecvt. v'ji'de in front ol thf.: corti, arid (2) tit' bore Of thet

c, Tile addition of botth lateral and liteay btoomn must bie as lart~r' stemxmmda
base corifintentt'nt it lthe 2-itt. citargi' cautses ,t't~ 01ht ig.I t s t'l'ar that itnt' the

a drastic re'ductiotn itt about 45 percent in Ilene- m~ietef (itiot the su.I collapsinea tha'nets nvrtthe

tratioti pt'rfoi mrince. as oforwlrd curive pti.e clasngt cilapst' is fiotlo
d. When tile large'r charge is confined later - afowr cut ve pati. tot e ctn ovedps iorar ao

ally, tlte presernce of tht' flange causes a rt'la- diotanMe ofntt'ily tne clie m dioved f'rwand ufi

lively snmall, but significant, decrease, itt p011e- dsac fnal i( oediitadueu
traion asconipaed it a imiarl ctntfrttd jet eltements irt' formt'd during the tim iot' slrtgtritonas cmpaed illia smilrly onfned is tIViiig folrwaid a st'cond cotte tiliant't,'t'.

charge lined Witli a deflanged c'tnt'. If t~ilt, bor'i of tilt' boom is not at leash as largi'
e. The hole volumue ptroduced by ilii' 2-itt. a h ao imtro h lg iejtwl

chtarge is increase'd by abotut 50 percent when as tinhemao'ditut' off thn i e slugjnsi thle jetwil
lateral confinement of 0.25 -in. steel is used bnd itr'le of hntesupasiitebr
(cormpared with tha 100 pe'rcent inretrase' which an a ort ion of the potet'nial pveittration will

occ'urs with thle -1.63-irt. charges); b-duidarN' be lost. Tile tests re'por'ted above we're static
cotditonsat he uas ofthechage avt litle t"'Is. It is re'asornablte tot suspeict that in dyna -condtion itthe ase f te chrge ivelitre mc firings the boom may be jarnined re'arward

or rit) effect ott hole volunie in spilte of thlt largec towar'd (hei cornt by tht' imipact velocity, anid that
chiangcs. in deplth of penettration, this will reduce t he t'fet' cive freespact,. There-

fore, some additioinal free space' must be pro-
This exper imntit illustrates litw in apparenttly vitted, atid thei actual amiount r'equiried will
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probablIy dvIi~tind upori the miaxJimumt impardit % v I - .1 tasoiatily UWell. Iloiwtvofill , ptii 01 d14,1w;~ ofi't-elIfy of tile proI k't iie. p i ll' i sh pi'it chal at'i s la v, ' it it all i'4 iijtl

sillvi.d. Condit Ioti.. .11 Ise Wheti vi'1 II Ii ltu va 1,ia

TIM' PX ILOSMY COM PON ENT OF SHIAPEA) Which can lit, attributt'd 1)1i; to t lii' vXpiti ,ve'.CHAUGES -Smtall lmilificatjw.iofv dIII II t'c ltial 1-iticli-
niqlIqi , or a dlaie ii i.ttul i' uti 111t ll i~ oll

2-112. Int roduction. Theu shaii'Ieh viat'ge elff Ii abiiut II~ lint'irle, tIlay a it-vi (1 lie ji lii rat Dlolls
dc pondt; ullotilic th *5ssur III' I titl.W~ of a1 dvto- offl, vxi.;% It%: oi perforv 'I1.tett ('xItll j've it) arcet' .' I t' iaIV ic l walls1 .ill' requ ires In tic I' imii st gatiIll. I't tiil-Iu sh fi ngil~file col1lapse provess, whitchI p rodute", thit )t. (i the dcoltinU.w nO
The explosiveno ~iiI'is therfotti fuidat nthat t' t t~iltpa- showti prlolillist' o1 largi' ttlcri'a:. ill p'tie-ttat ion

that prtope'r di stribIut ion, ill t tat 1ll1, anld ev pi - cultic s, whic cli mit bc ci~'vt'.r I' 10Is irc it call
siem :rIadequate Cop tilt~i4.l thtic Ill' cooti:::i' i'd svi'tiuw;1 for appivac~t ii:,

2-113. Effect of Exlsieo Performncetti. iliargi, Ittiwvvr bthai t riiisi (td i': s w~nt'h'
Coits ide cab!,. expe rietit'i has booti ga itu from1 t4.I I cet etl. lDotiltiat iil tItillu. - is being ac' tli'.' IWhich it is geticra1Jl piossilel to tuakt' ad'qttatv c litirsuet, Is is also fthe study iof vxpli-sln k-utct'ishape'd c har'go dt-'igls . Th ltt'ci t' of 'otliliro - 11 lit 4 ca't i oils. I i let' appl ica tions1 of Owsi't' Iccm1isVS with thet i4i.til design cati a~lso bet's',t iniated scatth l tdit's art' Ileilg carried iout by ftei

1.000D

7 2.26 50

NOSE RING 20 IN.816 
N

E. 156 IN..500DF 6.0 IN.
Figr 2-37. iv ~'confi'urations
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Carneglt' lnti, itut- of Tee hnolory g ro up ill thuhl this par agri ph i., e once i';ttd onl y with tilt- geo-
work oil a release wav'e theoty is appl it'd tot ilt It jeal ar-range n-ient of I~t xio inho. itlno -
liner collapse. ge' lie IcIs tui variati ons front if uiifor in chiarge

will bie contsidered later. Tin' llaraimn'tvrs' which
2-114. Uftect of Different Typt.es of Yxsplosivvs. describe the explosive geonliitry for cylinidrical
In Minaped t'i gv- 'Jv~ve- Iopt)ill Vi cons %ide able, o in'a ics'y Itiid r nal chtarge~ts at eheigh I anid dianlin-
wor'k has br'en pi' nornmed tilt st andarid lia revs i 'Icr. The de1 n ndet't of tevi-lor nti oe till lthe
to ev:,lloate the,'s I'l1 l y i ' w i n'e of var ious ithi tr i Itli on is i-hist-Iii r'elate .d to thlt illaivinet in

Otiii' nl i) a t1 t' it ttlhe;.~ ' 4 1le foutnd ord - 'A i IM I it (01111-01lS the C elS le titil itt t' de-livered
liauiet' applichation. Somei explosives Willi low to the line.) walkis.
&~tonit ioni p~rV'sourV. ate itaigittal and fori'i
very hkoot' i't-s, bilt no tippervi Iiinlit tojper -for in a lice It is not po ssibibl to gvnvai'z' mu chnutl onl (lie 'f -
has beeti Iound, that is, ais thet de tontalion prvis - feecl of filie explo)s ive di sir ilut ioiil r n'lc'
sure is inc re'se lit fi' lnct rat iotis inc'eva se. w it hout tirst e(ittliningvo''ltatii suJJ henio 'I:ir re,'Cin
l'lte Ii IeCd ini oxpi s u rescai se z' is the, deve lop - d it ioi.i: It oinet'aki's a it unoitt *llii.' ijil itt -
tivt' t of new co mpounids Witlli highe'r delton atiton i nit atvd eli at ge, thie nittan ;lt' tlr at 'ni Will *:

vtlocit'itets antd pr'essures. Thus sin all adidtitIonal I trtast- with Ii lit 'flsingt'lia t'ge he iglit Pentt'tra -
improv'etment in peri'loimn'ev might be antit'iv- t ion is i't .'y seiisit ivt' lr heights up to sev'eral
jiatr'd. cone dianiett'rs, after which it shows only sniall

t'hailnges Wilit Iime t'ast' of tilt- I'xil thsiv C0' 11oh 1in1i.
Table 2-14 lists virioie, high explosivi's, Willh Ilowt'vi'i, it is ;t ill oisr'rvalilt' at Ivlenths tilt) to
their propet'i't it'iad shapeld cltirg(I' it'nits i'tionts. six or st'vt'n coetm diiamt'trs. Figure 2-3 8 is
Thi' list is not romplltte, and sonic art' unac - inidicat ive to the norn'al behat~vior of peiiett'at ito
ceptable for wide application because of sotn- as a lunttetion of t'lrirge hteight usidcr Ilt' t'ttdi -
sitivity, compaitnbility, stability, or production I tiiis preii'ously entinivratt'd. At'tually 1':'z'iyig
difficultie's. The densities given are those the' length oh explosive above lthe lineri ;tpecx
actunlly obtained in the chiargtes used for Iptlit- ilfet'ts tht', shape arid magntitude of the high
tration comiparisons. The detonation velocitie's pressure' region in (lie explosive reart ion zone
given are coniputed on the basis of expterinien- and alsoti 'ries slightly tlhe directiont of tht-
tally derived density -detonation velocity slope wave fronf whichi interacts with tihe liner, e's-
data for the e'xplosives. Sensitivities are taken pectahly at !;htott charge hitiglits.
from imparct studies at Naval Ordnance L~abori-
tory only to avoid introducitng calibration con- Undter similar conditions tin' effect oi varying
stants for different testing machines. The pen- the explosive -to-liner diamet or ratio results ina
etrations are from Naval Ordnance Laboratory penetration relation as shtown in figure 2-39.
work on point -initiated, unconfined charges 4.0 Varying the explosive dianit'tt'r with a fixed-
in. in height, 1.63 in. in diameter, with M9AI cone diameter result,, in a performance similar

,steel cones, and fired with 4.0-in, standoff into to that for changes in thte confinement wall
mild steel plates. A few siniilar explosive corn- thickness.
parisons performed at Du Post's Eastern
Laboratories are also given. This furnishes a Thet hole volume increases with increasing
reasonable comparison of different explosives, length, as well as with increasing diaineter At

explosive, within the range normally observed.
Formulas or correlations relating penetrations A limiting value is approached and, of coursw,
and cavity volumes to parameters of the explo- it becomevs more difficult to observectht'smallt'r
sive have been developed, but they do not take into increases, which arc hidden by the spre'ad inithe
accaunt the propierties of the liner or the nature data.
of jet formation and penetration processes, and
hence have limited usefulness. Although the preceding paragraphs would in-

dicate a relatively simplte coni clation for pt'r-
2-115. Explosive Distribution, The distribution formiance with explosive length alid diametter',
of the explosive about the liiner' and the type of in reality it is a complex problem. It should be-
initiation used to detonate the charge have a noted that the reýsults presetettd were for lilt'
very marked Influence on the performance of a simplest case and tinder restrictt'd conditions.;
shaped charge. Distribution as discussed in The shaple and miagnitude, of these curves might
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Table 2-J4

Detoniation Sensitivity Penetration
Density velocity ()rop
(gin per (m per height

Explosive Composition cc) see) ill cm) jNOL Other

(du Pont)TNT Trinitrotoluene 1.60 6,980 162 4.25 4.2

59.5 39.5 1.0 (du Pont)
Composition 11II)X M INT Wx'x 1.69 7,930 60.4 6.17 6.2

91 9
Composition A* RDX Wax 1.60 8,230 58.8 6.22 ...

50 50 (du I lint)
50/50 ('entolite PETN TNT 1,65 7,560 23.5 5.56 ,5,5

40 38 17 5
MIIX-1 RDX TNT A] D-2 1.72 7,350 95.7 5.16 .

43.2 28.0 2 S.R
ITX-2 RDX PETN TNT 1.68 8,000 ... 6.57

(du Pont)70 30. 65/35/Tetrytol/TNT
70/30 Tetrytol Tetryl TNT 1.64 7,310 ... 5.12 5.0

70 30
70/30 Cyclotol RDX TNT 1.70 8,100 37.6 6.27

75 25
75/25 Cyclotol RDX TNT 1.71 8,160 ... 6.56

75 25
75/25 Octol HMX TNT 1.78 8,350 45.6 6.98

77 23
77/23 Octol IIMX TNT 1.81 8,440 ... 7.45

*1Pressed (all other explosives listed were cast).
Dlu Pont charges were similar except chg, height was 6.0 in.

be greatly changed by any one of the large wave, may change the penetrations obtained.
number of variables not considered in the dis- Figure 2-40 compares point, plane-wave, and
cussion up to this point. In general, unless ex- peripheral initiated standard charges for differ-
perimental results are available for the parti- ent charge heights. These results are for steelcular situation at hand, it is difficult to predict liners. Limited tests for other liner materials
the effect of variation of charge height or explo- indicate an increase in penetrations with peri-
sive diameter with any certainty. This is also pheral initiation, but the percentage improve-
true if the shape or contour of the explosive ment varies considerably with the material of
charge deviates from cylindrical symmetry. the liner. These special results are given to

indicate what may be achieved with properwave
shaping. Penetrations from point or plane -wave

2-116. Initiation of Explosive. Plane-wave or initiation are fairly reproducible. However,
peripheral initiation, which shape the detonation small asymmetries anywhere in the system will
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produce large variability with peripheralinitia- 2-117. ChargPrE.paration. inchargeprepara-
tion. Application of such an initiation system tion the problem is to produce an explosive
must be made with caution if increased peoetra- loading which will result in maximum shaped
tions are to be achieved. Experience with a large charge performance. The method should insure
number of shots under well-controlled conditions (1) uniformity of the explosive, (2) axial sym-
has shown that increased penetratioi for steel- nhetry, and (3) maximum density. Radial uni-
cone lined chages and peripheral initiation is formity and ,xialsymmctry arehighly important
real. However, the large increase (25 to 30 to jet formation, and small deviations from these
percent) reported here has beenshowntodepend conditions may produce asignificant decrease in
critically on the liner used, Furthermore, the mean penetration. Maximum densities are re-
cavity volume may be reduced by as much as one quired to obtain the highest possible detonation
half. pressures and, hence, !argest penetrations.

Lack of uuiformity in the chargt does not always
result in poorer performance. Increased pene-

~..*- .~' trations have been reported when composition
and density gradients along the charge length

*.- were changed inadvertently. Increasedpenetra-

* 62 -" OAtions have also been reported that could be; •,.0"16?5" CC1I# O-A•[ TFR

0037•'wALL THICKNESS attributed to charge imperfections in the form
10

4Aof axial pipes that produced some shaping of
the detonation wave.

CHARGE IHT 11N I

Figure 2-38. Shaped charge pe'ne'trations as a7 2-118. Charge Im . rlections. Exp(eriments

function of charge height for A19M11 sthel coens with liquid explosives, which may be considered
and 50/50 pentolite v.%plostve

"6 1625" COW. OIAMETER ICONSTANTI

\ 0 OT IWAA 1 1 NO FLANGE I

O O"\,I?*weL I F. NG

IFLANGE)

9 0 1 1 . i 2 0 !1 1
S '0 t I 3 3 14

OCHARGF I %CONE

Figure 2-39. Shaped charge penetrations as
function of charge diameter (unnconfined)

- o`"C PENIPMEPAL

WAVE

0 0 1.625, CONE DIAM•TER

2 IS&

CHARGE HEIGHT IINCHCS)

Figure, 2-40, Shaped c-harge penetrations as
function of initiation for M9A I steel cones

and 50/50 pentolite explosive
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WWo~s indicaite thait thet in the nose of tile projectile, ttjat v ,,norgized

*Vrri.I.ýny of rvsults with solid explosives mlay by: thet impae(t-ith-the-target; ither an electro-
be decreased greatly by improving Iioniogonvitiy 'hiignolic. oi- electrostatic device c~un be used.
of thle elharge. Inhionogvneities in a niulticoni-
ponent explosive, such as Conmp 13, due to the 210. fz5 oLw-eciyRud Ith

* unsyimmetrical segregation of one of the con- 2-. 0 ' ii of Lo-Ioit -ons.Ih
stitoonts, could account for approximately half.usoi on, uha he /-n

*rocket grenade or, even betrthT3ril
ul Nie"v ariahiit~y-of results, the other hlful ben grenatte, the T37u ro nnsfo~pc f ifliaio
akttributable to variation,, in metal parts. Voids grenade, texploiouirefrests f tringentd of rifii leo
and bubbles in the vicinity of thle linier may caus, ofenthe trxvlosion arme 150r fes.tign. Agn rifloe
marked reduction in penetration. Small bubbles gradtrvsa*soe10f.Aaifon
ox. -voids distributed throughout thet chiarge. permits tile round to deform 1/4 in. befort! set-

ling off the high-explosive charge, thet time avail-
lower thlt loading density and result indecervased ~ ~ 10.
detonation pressure. Consideration ioft (the fie(,t_______ada nciiiaLrsnii

* of detonation pressure indicates that a2ptercent beomf il~ ati least' theoeiay posestibl e.a ernTwon
loss in p~ressure may produce as much as 5 bcmsa es hueial-osbe w

geeal mehd are employed to provide mech-
percnt 'aritio ~ pnetatio. anicaul transmission. One is tile so-called "spit-

FUZES FOR SHAPED CHARGE: MISSILES b bak" (flash-back) fuze, where a small shaped

'%~Q,. uzin ofHig-Velcit Ronds.A 9 7 -explocive in the nose of the round is ini-.mni--.fin~tailized gu-fre tiated by a percussion primer and fires a jet .

travel ~ ~ ~ ~ prjctl mayvlciyo om ,0 fs h backwards through a: passage provided in the

ditrance arot ta veoit of sieoundc 2,50 fplt- The nia!i charge into a baseF booster. Since the -

distnce rom he nse ohe rund o th loc- elocit~y of such a small jOt.is very high, this
tion of the detonator is qptphox4nI.:atvly 1 1/2 ft.

ni i.L'- etsi ani~~~dt t - .extremely rp~
vey short tinW after the nos--e cnilt4h 'nittiiugthtrgracinfo lr-t.be .

tage rth' .iit , o tiitdabtail yte rar. In .1pite of the very high jet velocity, this
trgeture en'tin thatj liie arbitrclarily nott nmethod depends upon' a clearpt fo h

reqireenttht te .nos mst ollpseno s~haped charge in the nose to the booster;a con-
more than 1,,4 in. before the-unitiation of exp duinntawy9aife u omslnmn
sian), thet initiation must be started in 8 .. Sec~ I,-I mea at r omto f h ueuo

cuetitis. the time required for the shell to' impact. Another 'approach used in rocket gren-
4~{4. n.'If he etoato reuirs 6. SC 'des Is to have an inertia weight located at the

to delonate after receivii gthe signal, it follows
that the information must omQfrll the tip of base of the round. When"1f.,round contacts a
Sheshell to the detonator in 2 ..se(. &4-1, .Tt " agt tdclrae~adtei-

. iin't y.utsotan ehnclmaso slides forward and fires a percussion cap. The

base of the shelr: -ULnder these codtosa iherently slow and that the shell is required
elec,'ial fze ust e ued. evealelctrcal to have a very rigid nose section, so as to pre- -

methods have been tried, nei to use a pov~;r vent collapse while the fuze is going through its
* triggering cycle.

supply, such as a battery, a switch in the nose'
-(Which may be a simple double shell), and a
detonator at the base (with an appropriate a im- THE EFFECT OF ROTATION UPON SHAPED
ing system). The second, which is realla CHARGE JETS

-. modification of thle first, is-tiluse a source of .

* electrical energy that is inert until firing, such 2-121. The Defarioration Process. The devel-
as a simnple. impulse generator that charges a .opment of a triple-flash X-ray system for
capacitor on firing. This capacitof canl be made studying jets from large rotated charges- has
to hold its charge for the duration of the flight clarified the details of the deterioration of thle

*of the projectile, and can be discharged by a jet. The sequence of events as. the rotational
switch as in the :previous case. 'This last ap- frequency, increases is sh)own In figures 2-41
proach was used in the first model of the T208 through 2-44, which show the effects of in-
but was abandoned in favor of thle simipli -city of creasing rotation upon the jet from a 1i35-nmm
the piezoelectric grenerator. A third possible copper liner. The deterioration process canlbe
electrical method is to use a genera to r, located ~*broken down into thle following distinct steps.
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a. The jet, whtch -is normally continuous

when unrotated, begins to break up into separate
pieces along its length.

b. As the rotational frequency increases, the
cross section of the jet starts to deviate more
and more from a uniform circular shape and
.shows evidence of deformation into a ribbon-
like structure.

c. There is finally a definite bifurcation or f
separation of the jet intotwoessentially parallel
jets, with each jet broken into separate pieces.
When the bifurcation first appears, the two 40,
portions of the bifurcated jet generally seem to
lie in a plane of bifurcation.

d. Increasing rotational frequency causes
the plane of bifurcation to be distorted into a
helical surface.

"--T--e bifurcation in the jet appears to be associated
"-w,!withr-e4t4ca fre~quency that depends on the .

cVlbeP,...Thus, bifurcations have not beer. seen .,'
in jets froimii5Mmm charges rotated at 15 rps .•

.•, ..... •"ibeerei"Al"'ets from 105-mm charges rotated
at 45 rps show bifurcation, as do most jets from
105-mm charges rotated at 30 rps.

The incidence of bifurcation is clearly associated
with the steepening portion of the penetration

>JJ.•-offc~-urves (see figure 2-45). Finally, the
plateau'fre.oin iUsociated with the highest spin.
frequences 1ndicates that the later modifications .....
of the bifurcation process contribute very little
to further reduction in penetration. It was
originally conjectured that the original bifurca-
tion was perhaps followed by bifurcation of each
of the new portions of the jet. This has not been
ruled out, but the observations on the target
plate ,upon which this was based can also be
explained. by the distortion of the plane of U-
furcation into a helical surface.

2-122. Theory. It was pointed out by Tuck in
1943 that rotation could result in a malformed jet.
The vector addition of the rotational velocity Figure 2-41. Effect of rotationapfrequency
and the collapse velocity of any element results uPon the Jet from a 205-mm copper liner
in a velocity which has a direction tangent to a Birkhoff, using a different approach which neg-
circle whose radius (r') is dependent upon the lects initial malformation of the jet, has esti-
velocities and the cone geometry. This would mated the decrease in the penetration from a
result in a hollow jet, and could cause a drastic given element of a properlyformed jet causedby
decrease in penetration if r' became large the increase of the cross-sectional area result-
enough. On this basis, Birkhoff estimated that a ing from the expansion of the jet resulting from
3-in. diameter liner would show appreciable rotation. The magnitude of the force causing
deterioration at 100 rps. this expansion can be appreciatedby considering
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the extremely high rotational velocities of th( against -d where is (he angular velocityaet, which result from the conservation of the of the projectile, and d is the cone diameter.angular momentum of the cone. Figure 2-46 is a plot of this type. This scalinglaw can be expected to hold only if the other2-123. Scaling Under RotatiOn. For the scaling parameters (such as standoffandconethickness)of results of rotated shaped chargeS, several are also scaled. It has not been too well verifiedtheories have been advanced. The simplest of in the high spin frequency range.them scales penetration In cone diameters

4.

I g 2 . Et, 2 . ,

t I 'I
IiI I

I' I

, /I
1 I

Figure 2-42. Effect of rotational frL.gue•rwy Fig¢a-, 2-43. Effect of retatleris! fre qu('nec,
upon the jet from a 105 -mrm coppe•r li•ner upa Me jet from a l (-mm copper lint'r
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built-in ammunition standoff ( 2.3 cone dia- .meters). These data are shown plotted infigures 

.2-47 and 2-48. In thesecurvescomparisons are
made of the unrotated penetration, andthepene- 0
tration at 45 rps, as a function of cone angle. iThe results within the range of variables so far IA I . .explored clearly indicate an increased sensi- CO rPARON Of UNROTA, ,•2,• .o A•M )! 1tivity of small-angle cones to deterioration by PINOWATEN &T .ro05 Rro Of O, ,rotation. From the practical viewpoint of the 16 CONES WITIT ýRAtVS APIX ANGI tS
designer, from this experiments the best cone PR.wvJoIAVY ,.* •.*,.MtN
angle at 45 rps appears to be about 45', even 1 "
though the smaller cone angles have better un-
rotated performance and the largei cone angles
have reduced sensitivity to rotation. However, 2

caution must be used in extrapolating to other I
conditions. The experiments, which are being
continued, will cover a much larger range ofthe
variable .,, and the standoff for various cone
angles.

Under standoff conditions normally existing for I S
ammunition, the designer can expect to find
small-angle cones more sensitive to rotationaldeterioration than large-angle cones. There is 1. 3W 3W.. 40o 45-. 50. Wnot sufficient good information on the cone angle coNE ,IS.E I,)effect at large standoffs. Fig&ure 2-47. Comparison of unrolated pene.-

tration and penetration at 45 rps of copper
2-125. Tihe Effect of Liner Thickness on Pene- • cones with various apexr angle's in a p~rojertihc
tration Under Rotation. There have been very of.fixed length providing hearv cottfinenientl
few rotation experiments reported involving
liner thickness as a variable. Those conducted

present time seem to conirm thes, withintheprecisionoftheexperiments,
theoretical expectation that over the range of essentially unafected by thickness.thickness studied the effect of thickness is not Improved experiments, with extra care taken toof major importance, and that the penetration reduce dispersion, will be required to establishperformance of auniform conical liner under ro- the existence and magnitude of the thickness

effect in rotation. Separate experiments are re-
- - - " "-J 1 " quired to ascertain the contribution, if any, ofi C.---O-__ 

OR" 666 2 5 "I2c"(S
0 a OR I 667 30

8 *. 1STANDOOF DITANCE -
1~~2 RI RP-5 .C . l'I FO IPO C I" . "X __: ¢J-aOm 1•

to :, 2 ,-I 
I0. .

S- X . . .. I

i ,
6o 2-o--0.' _o o 2.0 Lee 70 , . . . ..

Figur'e 2-48. P'rcriitag, oqf not'oattedFigure, Z-46. Effect of rotation on peneletration per tnration loss rerstu, IapEvx angl
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the liner thickness to changes in jet stability to The conclusions, of value to the designer, that
breakup. Such experiments are under way at the may be drawn from these results are as follows.
Ballistic Research Laboratories and at Carnegie a. The penetration at a given standoff de-
Institute of Technology, but at the time of this creases monotonically as the rotational Ire-
review there arc no definitive results. The quency increases.
best course for the designer at this time is to b. The standoff corresponding to peak pene-
treat the thickness variable as though it has no tration decreases as the rotational frequencyin-
effect on rotational penetration, the best per- creases, until at the highest frequencies used
formance under unrotated conditions should (- 240 rps) the optimum standoff is only a few

determine the thickness. inches.
e. At low rotational frequencies useful pene-

2-126. The Effect of Standoff on Penetration trations are obtainable even at the largest stand-
Under Rotation. Recently there has been corn- offs (42 in.) used. The implications of this
pleted at the Ballistic Research Laboratories a result are important for the problem of defense
very comprehensive experimental study of the by spaced armor.
effect of rotation and standoff on thepenetration
of heavily confined 105-mm drawn-copper lin- 2-127. The Effect of Liner Material en Pene-
ers. The most useful way to summarize this tration Under Rotation. Penetration experi-
study is to present the experimental results in ments comparing various liner material; under

graphical form; these are shown in figure 2-49. rotation have been carried out by OSRD, by
Firestone, and by Carnegie Institute of Techno-

These results can be considered typical of good logy. In addition, flash radiographic jet studies
liners, since the unrotated performance of the have been carried out by the Ballistic Research

basic liners compares favorably with the best Laboratories. The penetration experiments
results ever reported. generally lead to the conclusion that no material

o5 r Ps

/0 
4W,

00ps

"2/• --,

150r P 5
- 0

240r ps "('1

05 10 15 20 453

SIAND01 F. INS

Figu'e -- 49. Effect of rotation and standoff on t' I/,,'n,'lratlai,, (if
hearily confined 1(5-Ppinp drawn, copper liners
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studied so far offers any striking advantages trum~pets (peripherally init iate d) i.s compa red
over any other mat erial insofar as; rotational with thle best drawn conical liners avnilablol at
effects are concerned; c 'ntlioughtii hadvantage the Ballistic Resear-ch Laboratories illifthe
of copper over other n iterials diminishes is same calibevr. It is quite evident ti at tilt' peirph-
the rate of rotation inci eases, the p~redomlinanlt erally initiated t rumpets'ti~re resisting, dtc'i --
role of the uilrotated( penetration still makes orlation quite effec't ively. More ('0l11AIiVi'( (live!'
copper the proper choice for penetration pur- age of the pertinent variaihh's is stilf neede-d.
poses, according to the penetrat ion experiments. (For, inst ance', a truly valid i'o11inpaIsmi wouldt

re~quire t hat Ii iit'is of bot sii liws' be made ty
The flash radiographic studies by the( Balli~tic the samle process. Ilowever, the effect Is
Research Laboratories have indicated a basis stift icient ly clear to warraint consideration of
for expect intg differeoc es in thel behavior of tills syst en ilin appi rat ions i nvilvi Ilii, lowet'1 rot a -
various materials due to the expected depend- tional frequenciesi. This systemn may be cn
enee of the critical frequency for bifurcation sidered competitive with I lued lineirs in thit%
upon the physical properties of the materials, range, andm may even have'advant ages, silie' tlivre
Such diffe reneces hayve actually been observed, is not peaking oittilte peinetriation it'mi or manect .11
These studies, however, have not yet progressed a given rotat ionail frequency, but rat her'a reduced
to the point where conclusions of value to a dle- deter'iorat ion, th lit firor iO1 fill'e I finll'iv I Jg mon0o1 -
signer may be drawn. It may even turn out tonlically as the rotiat ional irtk'em~tni' ti('t'i't'asl.
that the differences which seemn to exist mnay be The poss ibilty ,if in, i'eased seis It i1v its' to load ing
too small or may require the use of sti'ategic asymmetries is a disadvantage that nmist also he
material for their exploitation, considered, It should, toiwover, be possi ble to

2-128. The Effect of Liner ShapeonPenvti'atioiin e'oi hswt a'fi ido etntus
Under Rotation. It has been suggested by various
investigators that trumpet -shaped liners might C'~.''ARS, I 1,W INAPH',*'N V~'A Nt

show increased resistance to deterioration by m;~; T AtED" "'UWET"LI''

rotation. This view is based on thet notion that,~ -~ '"r""~.-'-
since the trumpet liner is onl the avei'agectloser
to the axis of rotatinn thani thet equivalent conet
of equal attitude, it ought to be affecte-d less ' ~ ---- ~-1'-
rotation. ft NS fc~lf Ic+ .%C m

Experiments by the Carnegie Institute of Tech- -

nology several years ago did not bear out such0 m
expectat ions. Howeveir, experimients whl'h have,
been carried out at the Ballistic Resea-clhi '
Laboratories using trumpet liners with peri-
pheral initiation have indicated that one, call -

indeed obtain reductions in thet deterioration oh SO 4 &Wi S I4

the performance under rotation hly nwin'fs ot a *

trumpet shape. 0 4 4Z e7

These experiments wer'e foll* 511011 ti1111 plagued ~'
by an inab~ifity to reproduce the experimonnta Fwlo )'Czi -;l. pa piSIM 0f i', 1~1, oliveos
resujlts. Thist- difficulty has recently been tract'ed iht11,, 11 14 .'ti Point1 Initial, 1i coi'cal lt'IIiiirs

by Li ebei mani to an inadv ert ent ly ove~rltookedt m' ,r/h u13 1tldIr4m.w tI, 1ls
mccihani calint'ii'i'mt with tilt, he Ia he diaptis h. ~ iaiI~gma~i~ 1ti( essoni
.stages, wh i ch has since k'eii 0li iii ated. Ill TrHs afogaii;t it-jt bw l

addit 1111, sy ii mt ni05 Ii tit' txpl psiye 1111i 1Is 2-5a1 m id 2-5~2 boar ouit (tht, ljiclt'iejise

also been shown by Li t'b'r mani to bie of I iii- it'5ist'iii'p' oIt tlls sYstt'ill it) rotatioiial detei'i-

poirt ani' inl hi ,der ing i'epr'odctit'ibili ty. iiiat 1(11.

A tcompair ison of thvt most r'ecent pe nfir inane o, Ill erde 'r to i11111lmi 11o the elff eels of rot at ion,
of pe'ripheirally Initiated trumpets wittthe ('it-l'o- it vi logical to start (thitcllps as neair the
responlid inig cioneis of 45' ape'x angl I,.,i sho~win fii axis as poss ibll' that isb (liti,' useý of a cviii 1-
iigui'e 2-50. Thet pei'foinmianc e of elet vrot ill ed driii'.1 Ii leri. The eari' est i' io i'd t' expe ni men1t s
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1,114 Itrutu al 1i1t. KilI ,lv i' l ct ';tl N :lbtlIa - I'vu'l mid1 lt' reprodliv'ibt lit Y, lauW'cvcr, haIve

l'rtt illa";IIi' titýlwsc ll '~u'~s sla"Iu'd a both h&'cnii inatli'uuate.

titll'stijIII% t*rt~ I'11 1 90 ls~itl ilut AttiLhati' 11111t. Tultir 1 rth't~ittuivxi~turoe
in v v slt ,:It'k 't l at' ;u r',tut rti duc h Ai svc j titti t ha t' a ls oi T ht , u pr p rl u u t :u t t l' f it , t ivet i a l Io o c l .

xti~~tju\011111 M)~'ti 131i't IO N Ii , VII 1~~ t tict' I)i'"tt a. Deistv~ ing a s ilcm wliost, uiur-tated i-r -
ttu'tl-flhict. wvII 'uil j):uparl favorably iiv ~t~tuhaut ofi a
ctuuicc'; 11j11'r III that' saint' propcuj lile.

h. 4 It~~~1. Itrttlau a wax'' shpijuiiug Systemia Winch

a u-i ~~~~~~~~~~Will Ut' stil wicit' ut hy ru'jurtucib'toa;k' Xt 1i-

rV
R-*' N "M #

21 J1. 1-dorlb
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mental silv'stitationl of tother lias'alisst 5r pos.-4
sible.

Thet* advant ages i.t a. sniall -d anietu ii elini mid al
line r are filit follow ing.

a. The cylinider' should exhibit a1 high ability
to resist det eri orat ion by rot at ion.

b. There is potetntisal value' ill tilie poss ibilitIy
of making, thle penetrsat ion eei p upo e i
letigt h rnthter than projtectile- cal ibe r.

c.' Thle si mpl iceit y of the( geonmet ry should
have ad vanst ages friomii t lie productIion vi ewpo int.

Tile osbi'dadatesof suehi lisner are,
thle following.

a. Very high precision will pr'obably be( r'e-
qusired for tile cylinder Isser.

b. A wavt' !ilsapiisg systesis is requsired,
according to prsesenit design.,s, it) ot't e'noughi
miaterxial insio the jet to mia'ke the siz~eable' hole
diametter essenstial [or adequate le'thality.

c. Present dlesigns have, up) to this t imue,
given penetration performsance not bet ter thani

halfta cone. abl ii i le samev project ilt' with

Figure, 2-53 shows tht'e app eai'assct o1 (he jt't Ironm-
a 4-in. long c'ylindric'al liner, ot I iii. interior'
diameter asid 1.1 in. exterior diamsete'r,1 i. a
heavily cosnfined 105-mmn body.

Figure 2-54 shows the hole made in mild stee'l
by such a jet.

In summary, the designer should be aware of two
devt'lopment~s, involving liner shape.,, ai med at Fiipire 2-53. Jet raitgraphs
reduc ing sensitivity to rotastional deterioratioss.
Of the two, thle systemn insvolvinig trumpets, withs 57-1111 liners 4.0 chiarge diamiete'rs pente-
and without peripheral initiation, is mnuchi nearer (char'ge diamete'r I ralsisi at 360 s'ps
realization and application than *til systems ii- 1 5/'8 ill.) 5.0 elsargti di:anstors poneit-
volving a cylindrical lines wills :I wave' shaping t I-li ion at 18~0 I'll.,
device. Both of these systems should be dis- 4.7 charge dianset't'ss hit'is-
tinguished from the( fluted liners anid other tratiosi at. 250 rps
methods (discussed in paragraphs 2-129 throug1h 10-uslnr 52hau'gv di amsstess P0ene-
2-141). Th1ate0rem5e -oprmeoiier'n diamete 6. tis at ch. p

methods fuir active'ly overcomssing thet iufects of ( ~ s) 45charge . imtr rtolantt 50rps Pn
rotation, while thle systems diseussed in thlis 3 tsi.'45caIg ionamtor, tis ri

chapter' are, p'issive systems. tail t8 'l-

The potentmit laPivrfor niai lit' sit tile, a7-nim i consse
SPIN COMPENSATION (as sreitebysoohliss rd :!i'l)

is about 5.3 diamet~ers pen'ietrsat ion, an i tshat of1
2-129. Fluted Liners. The most promisiinug the 105-smi linsers abhout 6.7 dilmimts'r.s, unde'r
method of compiensating foil spin is tlst, use o~f appropriate- conditionsn foir ('01mp;Irls-ois With tho
flute'd line'rs. From th iwon ffPtta o, ahov's. B trulth rmltoaoyrsls
the best reut hthl e'iotie t a ' a p'net tratisou of 4.81 eliargs' di amete is sho ul 1bes,
art': readily obtainsable fromn aI 57-snsm HEAT round5(
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at Its standard spin freiqtiei'y of 210 rjili;. No
liter has yet ee(n tC :t'ed that wouhld provide very
good spin cou'ijl,,esati,,, in st.and:,,id 105-,nin

- JI1EAT rou.ids (spin freq'uin'y about 200 rps).
Although consisider''bh, (hovelopent work is

beint' d'ne with fhlted linl'ts, no a;inmunitiou
coont aining a fluted liner has bectn standardized.

2-1 350. Mechanism of Spin C tn at in
Fihled Line'rs. it is now generallly acceipted
thait thet' d~lruLt~nl'l effects of rotation are due
to file reqiiiremneits of conservation of angular

oallinlentu ni and the COnIecIt triuadotus rota-
tional frequencies of the jet. !ii order to coun-
teract this effect, it is obviously necessary that
a tanglential conipouent of velocity be imparted
to each elenment of the liner, by sonic means,
that is equal in magnitude but oppositc in
direction to that set Ui) by the initial spin of the
liner. The sinmplest means of accomplishing

this is to find a way of using the energy of the
explosive to produce a countertorque oil the liner.

The present concept of sp:n conjmpensation is
based on two phenomena tima have been studied
;it the Carnegie Institute of Technology. One,
sometinlcs called the "thick-thin" effect, is the
observed dependence upon the thickness of the
liner of tile impulse delivered to a liner element
by the product gases of detonation. The second,
named the "transport" effect, is tiht, dependence
of the impulse deliverea to the liner upon the
;angle at which tit(e detonation products impinge
on the liner. Both of these effects are strictly
dynamic phenomena; that is, they art, to be
observed only in a rapidly flowing fluid. They
represent departures from Archimedes' prin-
ciple.

The thick-thin effect is represented graphically
in figure 2-55. The curve shown was derived
from the theory of shock waves and has been
verified by experiment. A very similar result
has also been obtained onl the basis of gas
kinetics. Application of the thick-thin effect to
a fluted liner is also illustrated in figure 2-55.
The impulse per unit area is always greater on
the offset surface, since the thickness normal
to that surface is greater. Further-more, the
impulse is directed along the surface normal.
When the impulses delivered at all surface
elements are resolved into radial andtangential
components and sunammed, the total tangential
component does not vanish, as in the case of

Figure 2-54. Jet penetration in mild stec(' a static fluid, but has a net resultant thAt

2-72 CONFIDENTIAL



CONFIDENTIAL
produces a torque, in the direction shown, L T

which can be used for spin compensation. 7 -

The transport effect can be represented simply -

by the equation
. . --n(5 --os2 )-.- ' ' Liner/

6n (I-o.h• 'chaw. / pe,-

where It, is the impulse delivered to unit area so Ln -

of a liner whose surface normal forms the angle
0 with the direction of propagation of the detona- L.- 1 (cm.)
tion wave, and In is the impulse delivered in
normal impact. This equation has also been o11

derived from both shock theory and gas kinetics,
and has been verified by experiment. It is 06 o0.1 0,2 0.3 0.A 0.5

significant in spin compensation because the T <cm.)

angle e at which t ie detonation wave strikes
the canted surface is generally (except in spiral
flutes) less than for the offset surface. Thus, a

net torque is produced in the direction opposite
from that produced by the thick-thin effect.
I Net Impulse

By combining information gleaned from theo- - e- ....
retical considerations, basic experiments, and
observations with fluted liners, the following
conclusions can be reached.

a. The phenomena responsible forspincom- I Lce

or-` ion (that is, the thick-thin effect and the Canted Surface

LA -ort effect) are second-order in magnitude
compared with the overall effect of anexplosion
on an inert liner.

b. The two effects are of approximately the Figure 2-55. Illustration of the thick-thin effect
same magnitude, but are opposite in direction and its application to a fluted liner. Due to
under the conditions thus far studied experi- the variation with liner thickness of impulse
mentally. They are largely independent of one per unit area delivered by the explosion
another and can be varied separately. Conse- products to the liner (see upper figure), the
quently, they are competitive, and either one impulse delivered to an element ofafluted
can be made dominant by appropriate design, liner depends upon the shape of the liner in
leading Ino the possibility of reversals in direc- the neighborhood of the element. The greater
tion of spin compensation, the thickness of the liner element (measured

normal to the outer surface) the greater the

2-131. General Experimental Results With impulse delivered to it. The result is illus-

Fluted Liners. The essential effect of fluting trated schematically in the lower figure,
sin the col- where the lengths of the arrows roughlyis to intrduce an angular impulsei represent the magnitudes of the impulses.

lapsing liner that, under appropriate conditions, Because of the nonuniformity of the impulse,
can be made to compensate for the angular there is in general a niet force tending to
momentum due to initial spin. Thus, a fluted rotate the configuration in the direction of
liner spun at its designed optimum frequency the curved arrow. The illustration, of
produces a jet exactly like that produced by an course, oversimplifies the application, but
equivalent smooth liner fired statically. When conveys the general idea.
fired statically, the fluted liner produces a dis-
persed jet like that from a rotated smooth liner.
A set of flash radiographs (figure 2-56) taken Further evidence of the effects of compensation
at the Ballistic Research Laboratories illus- is shown in the plots of figure 2-57, where ex-
trates this. perimental points and curves are given for the
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.t • ' A .e t a th v w

oFih requ -5 rad s tyigca Fof thed liners, t f

10-mlnr.I seietta h beavo wal thcnsads Ih ae hw r

is the same as that of the equivalent smooth gave a highci averagv penetration at their opti-
liners, except that the maximum penetration is mumi frequency. than was obtained with the stati-
obtained with the fluted liners at some rotationalI cally fired smooth liners. (The ostensible in-
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crease ii penetration can be explained by reduc- illustrate that the variability in performance
tion in average wall thickness of a cone initially with a satisfactorily made fluted liner is no
"thicker than optimum caused by machining of greater than the variability of the equivalent
flutes; this is not a typical characteristic, of smooth liners.
course.) With the 57-min liners, the penetration 2-132. Scaliig Relations for fluted liners are
at optinmum frequency by the fluted liners is not yet well established. ThEret icalconsidera-
somewhat less than that obtained with statically tions based on modeling laws lead one to ex-
fired smooth liners, but it will be noted that the pect that, for liners and charges thadt are geo-
optimum frequency is 250 rps (well above the metrically similar in all respets, the optimum
rate of spin of a standard 57-mi HEAT shell), frequency (that is, the frequency at which the
The experimental points shown on the plots also highest degree of compensation is obtained)

should vary as-d, d being the charge diameter.

[- ...... •.0- -,. The only experimental evidence available atpresent is obtained by (complparison of results

S.with liners of different sizes that are nit really
.' " . scaled replicas. Early comparisons of this sort

S' . seemed to indicate that 1 0 was more nearly pro-
1- portional to , but this has since been contra-d~2'

_.- dieted by work at both Firestone and Carnegie

-. .4W -. ' Institute of Technology. At present,. it appears

that .with nslightly larger than unity. The

"--- ..... " . . uncertainty of tie experimental comparisons is
r .. such that the departure from the theoretical

* . -,',. expectations is not certain. Consequently,
4- , .. through tile remainder of the discussion of spin

compensation, tile theoretical scaling relation

.vo a. will be adopted. Definitive scaling tests

.• .• .,-- - .,• *. - ,. - are being carried out at the time of writing, but
have not been completed.

Figure 2-57. Plots of typical data from 105-mm It must be noted that even the most favorable
and 57-mm fluted liners, compared wilh ob- scaling law that can be anticipated raises a great
serrations for equiralent smooth liners, deal of difficulty in obtaining compensation at
Both abscissae, anwu ordinates are normal- standard spin rates with large liners. In order
ited in accordance with accepted scaling re-
lations for purpose of comparison (D is the to obtain compensation in a 105-mam shell, the
base diameter of the liner in each case, P is ratio of flute depthto chargcdiameter or to liner
the depth of penetration, and : the spinfre- wall thickness must be about twice as great as
quency at which the observation was made). that required to obtain compensation at the
There are toofeu" 105-mm data to conclude same spin rate in a 57-mm shell. With flute
much, except that the fluted liners perform designs that have been tested to date, it has not
at least as well at their optimum frequency been possible, for this reason, to achieve a useful
as the statically fired smooth liners. For the depth of penetration with the larger liners at
57-mm liners, the peak penetration by the standard spin rates.
fluted liners is somewhat less tItan that by
the smooth liners but the optimum frequency With regard to the possibility of achieving coin-
is high (about 250 rps). The rariabilit'ris no pensation at very high spin rates, it can only
worse than with smooth liners, houever, be stated now that there has appeared no essen-
Relalire degradation in performance as a tial limit to the attainable optimum frequencies.
function of departure from optimum I're- It is certain, however, that the difficulties will
quencv is the same forfluted and for smooth increase rapidly as the optimum frequency
liners. (A description of method of curve- sought increases. Certainly, the sinmpledesigns
fitting may be found in CIT-ORD-R23, R25, of flute and the relatively liberal tolerances

and 126.) "used to date must be altered. A practical linit
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"-t.J.he attainable compensation frequency exists, increased linearly with cone radius; hence the

certiainy, but its magnitude cannot be estimated flute depth can, at least nominally, be repre-
from present inforrfiatln_.. sLýeems entirely sented by
po;3ihble that coiipensation can be-'ihieved at
values ot'-%.d as highal?,-00•_ in. per sec without a= PR
requiring impractical designs.'.-...

where it is a constant for each cone. The designs
2-133. Specific Experimental Results With have tw•n limited so that any can be nominally
Fluted Liners. Five distinct types of flutes described by the five design parameters illus-
have been tested to date. They are illustrated trated in figurd 2-59, and defined as follows.
in figure 2-58 and given designations that will a
be used throughout the followir, discussion. A = R"
Class I and Class II flutes are formed between T
one fluted metal die (male for Class I, female
for Class 11) and a rubber-padded smooth mate. n = number of flutes
The undulating flute formed by the padded-tool I = angle between flute offset and radius
characterizes both types. Class III flutes are through its root
formed between matching fluted metal dies and b = angle of indexing (when matching fluted
Classes IV and V between one fluted die (female tools are used)
for Class IV, male for Class V) and a smooth where
metal mate. As will be seen presently, quite a = flute depth
different results are obtained with the various R = pitch radius of liner element
types of flutes. T = wall thickness of blank before fluting.

Tests have been carried out with all types of
All significant flutes tested thus far have been liners, but the Type III liner is by far the most
made so that (at least nominally) their depths promising.

nm" ol', C
I

k /I

Figure 2-58. Profiles typifyving five general , .

classes of flute design. Arrows indicat, di-
rection of comnpensatite impulse .for small
numbers of flutes: for Class lIl flutes, direc-

tion of compensation depends on inde.% angle Figure'ý 2-59. Definition of dtesign parameters
as well as on numbr of flutes. for.fluted cones
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2-134. The Behavior of Type lII Flutes is best on. the basis of penetrating ability, for the 6'
described by considering series of tests inwhich index angle.
only the index -angle has been varied. The re-
sults of a series of tests with I 5/8-in. charges The results illustrated in figure 2-60 have now
containing liners with 16 flutes of maximum been substantiated by tests with 105-nmm liners
depth 0.015 in. are illustrated in figure 2-60. that are approximate scaled models of the 57-

amm'liners used in the original tests. The
results of the larger scale tests are compared

.- .in figure 2-61 with the original; the close
[ [ •. •I•....,.•t,-. I agrevnient between tlhe two sets of observationsJ: 1L :,, !, is evident.

0

I I " Z I';~..'1 10•,,,• !:

* . / ........ . '*.4-":
-ti1.--4 6't.. 00

.--. Figure -. Compa-iso Fir. toe .sts

." . with 1o5 -mm liners having Class Ill flutes
with results on 57-mm liner.& Coordinate

Figure 2- 260. Variation 0f -optimum trcq'wncy ares are normalized to permit combinatwiin
(currrA)and thepenetration at oplimumifre- of data. Since the ltwo sets of liners and
quency for a specific group of liners uwith charges i4ere not. accurate scaled models,
Type Ill flutes. Sketches illustrate appear- exact quantitative agreement is not to be ex-
ance of liner profiles for several index peeted. The close qualitative similarity shb-
angles. Variations in penetration are due to stantiates the original C.. T. observations.
varied degrees of necking of the flute profile.
Sketches illustrate chainge in flute contour 2-136. Variation oi Thickness. A brief series

with varying index angle. of tests has also been completed with liners
formed with the same dies used in the experi-

The relation between optimum frequency and ment illustrated in figure 2-60, but with liners
index angle is, of course, cyclic, repeating it- of approximately 50 percent greater wall thick-
self at intervals of 360/n degrees - that is, at ness (0.063 in. instead of 0.045 in.). The re-
22 1/2 degree intervals for the case illustrated. suits are compared in figure 2-62 with those

of the original tests. While the general fea-
2-135. Variation of Indexing. It is evident from tures of the two sets of observations are very
the plot that variations in indexing alone, and similar, there is some evidence that the ratio
th'e attendant changes in relative magnitude of of the optimum frequencies obtained with the
the competing mechanisms of compensation, two different wall thicknesses varies with the
cause drastic variations in optimum frequency. index angle. and that the indexing at which zero
The range covered in the experiment illus- compensation is observed may also depend upon
trated is from 1-275 rps to -250 rps - that is, wall thickness. If these indications are sub-
a range of 5,!5 rps. Of especial academic in- stantiated by further tests, it will mean that
terest are the index: angles 1 1/2 and 11 1/2%, the behavior of Type III flutes cannot be re-
at which the competing mechanisms exactly duced to simple empirical relations.
balance and produce zero optimum frequency. .

Of more practical interest are the indexings Still a third set of experiments is illustrated in
-1/2 (or +22) and 6%, where the largest (absolute figure 2-63. In these tests, the wall thickness
values) optimum frequencies were obtained. It of the liner; was the same as that used in the
is evident that there is a definite preference, original tests (that is, 0.045 in.), but two dii-
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ferentl flute depth., were used, 0111' stillowei,
aind one deeper, than in thet origminl st-rivs, -f T-,,, i .

lRoth sots of obsterv at ions: exhibit gene ral Iva -
tilces similar to those of the first itests, i-''
though there is sonme unsuibstantiated evidence ' ~ ,,P,:,

ofvrainbi the indexing that produce zero _

twee'n opjt imum fiIrequenicy and flut e dt-pthI for a
given index anglv. Ji u~ i

The behavior of Type Ill [lute-s is even motre \

coniplicate-d than that of tilt four types formed '--

with single dies. Variations in thlt additional
vari able -product, coinfilvx' chaingois in filt-
geoi~mt ry of the Ii n.' r ariid, *coilseqpitutlY, iii
helt siotok inter actioins t hat afit t't spin comin- r

pulnsaiton* The'eryvoni~dtL;7)kec t-nical I7 7
advintaes of he Typ, III ilitt" art, FA~m)-c2-63?. o ~iu.'eu
discused mor fullylatermore tan rv- cies it ritimsindtAage o hefit

etrimp-inse fo hi oecomplvx hefhaior trdh Th cx i' ippiesi'nal 1winuls are lenitt-
/1 1'an -mb/if-l to Slgtchanges epculing

2-137. Effect on Penetrati~ng Po~wer. The fluting (o"11le/tltlW ofigagin'~g anlllsis.
of a liner can also affert its potet(ntial penet rat -
mng power quite drastiucally. Even tfiot,hi filln to be expiected of liners having linear flutes
impulses involved in compviiesatioii at t hev spiin (that is, .. = -a. constant along thet flute), since
rates attained thus far are, too small Ioh at feet all theoretical and experimental evidenrce indi-
appreciably thet basic cfhiratt,'r o) tlt- c.oeo cates that thet-ideal flute is far from linear.
collapse or of thit, jet lornuid tthrit is, spe- With a linear- or any other nonideal flute', the
citically, one does inot expect an appreciable various elenments of thet liner tend to compen-
change in the distribution of envorgy in tilt saite at different fretiuencies rather thin at a
jet), it is quite evident from both Fizestouie common frequency of rotation. So long as ýhp
and Carne~gie Institute of Technology expori- natural f reqluencies o~f adjoining elements are
mients that miechiaiiial strengthliefects to a not too different, or so long as the liner wall
very large degree govern the de~pth of polnttra- is sufrin strong to resist the teiidency for
twon obtained at op~timluml freqIuency. This is relative rotation oft the elements, this causes no

serious difficulty. But if the line-r is badly
-. -- ~.. -- necked in (lthe fluting, the strains set up by

such a situation cause the liner to rupture,
1.:.,.inistead of collapsing coherently and forming a

jet. Theory, however, cannot be made to yield
a usable design. The task of determining the
ideal forim o(fa as a function of position on
tit-e liner must for thet present be, an emnpirical

* :* * ~ ., one. It has been undeirtaken, but lii)i reportable
* - - -results are available ais yet.

I I ~Tilt etxper iin init a ev ide ncet of deteir inration Iii

Penetrationi, due to mechanical strength effects,
is best illustrated by mevans of vorrelation

Figure' 2-6-1. Compa)(rison o/ optimimi reqtep - between thet depth of penetrat ion at opt imom

rics at ?(Jflons oinde.% (04!i- 1ftohhiid mi dl trequi.ney ind thlt, mini muin thicknessoh tilt, wall

Imer.' vf 0.063 -:.,. itall thcins an nt iOf thlt fluted liner. (Usually the in umomu
0.045-i, ait-il thijckniI5. The, txpi'rimi'Ptlal thicknevss is hound near tilt hasi, of thev i ute.,
points representing tht. thickc~r ljIi'i' are' where necking occurs.) 1'igiire 2-64 shows
tenlatirei and sujc to slihtchine, t~-d fplots for both Carne-gie, Inst ituti' oft Trelmology

cug omph-hoptio jgmanIs and Firestone data of cor relations bet-wevii tilt
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1.0 E)G0.0 C.I.T. rrelation

0 0 QC~~-0 *-k .lWX In. wall

-Smooth Wall
0..8 Li0ners

Least Sprs0 (j r- l inea.15

Contours

Carnegie Inst. of Tech.
0 OType IFlutes'

OTylle II F~lutes. Firestone T. & R. Co.

Minimwi m hikners, (in-8.i.) Mininw WalThnerss ii.

I'ii~~~~~~~~~~~~ure~~~~~P 20.i4 8' -ca o i/ c,/~l'~iil h,'i liilfclee- itan.,

minmu nal Micnimum Wall Thcns ( uc/oinc.) M/co-srd(ccainimu hal Ti-ckniess du n .)d

thec pen~etration iiflfailcd l.oiopfl cPipilipi~f .%Polh (Ji)/JJ s/at .'ccill T he' largt' -Scahc-poo
C. I.T7' data oni the left shlows (I -,icat- dril of scuat/cr hid a uiw cc-a/ion is evident. It hsbt
assuineucd t/hlalt (t/ ti'ed I1ý Pes ct i~nh~ ccmlued (ant reusimnati/' be /lc'a/cd as a sving/c'ltiti
population in this / rcat mc 'lt. Oni f/he rig/it. the ('.1. T. rorielafibun lint, is s/ion it nit ut//i I/i
relation of' Fire'stonie ditto. The' au:,' c'cinet is (is good as van bec' i'v/ccfu'd in rieuvic tfin' %ca//lev
qa the, C.I.T. datiu and thec relativelc sccurcitv of, Fir,'stopin d'uta. it is hump/inhg Ito conclude that all
four' YP('es qfJ7tj's 1(111014 the' saint corlfic-iot~n, and thant line'ar scaling lan-s hold. (Po indicates

the, al-el-agce llpct'n'atioll b. in- bes'tns ari-alable smnooth lipters of ('ac/i size'.)

* maximumi penetration observed and the miini- figure 2-60 are used to elimiinate-' , the plot of
motm wall thickness. It is evide'nt thai there, is P7 0 versus :,shown in ligui'e 2-65 is obtained.
a critical value of the minimium wall thickness. Such a correlation is of practical interest,
When the thickness falls below this value, the althoug~h as pointed out alx-)'e it due" not repre-
penetration falls off very rapidly with decreas- sent any fundamiental relationship (these same
ing, thicknes;s. There is, of course, a secondary liner.- art, included in the general correlatioii
c orrelation between fl~ute depth and miaximium between P: 0 and mninimium wall thickness shocwii
penetration for anv homiologous series 01 ('ones, in figure 2-64. Figure 2-65 shows that for
because increasing flute depth inevitably pro- Type Ill flutes, *within thelim iiits of optimnum
du,'es miore pronounced necking of the linervwall frequency fixed by the valuevs of ,,n, and
anid decreases the mninimium wall thickness. so on1, used, one can obtain a giveno magnitude
Analysis shows that th-P lprirnary correlation is of optinmum frequoncy by four udiffe'rent ciide~x- -

that with mninimium wall thickness, however. ings. But, becauisi the diifi'rcnt inde-xings
.. resulIt in dii fi'rent dlegrees cif necking in I he

One of the miost interesting observations o1 thiis liner wall, difteri-ot penetrations art- obi aliod.'
sort has been maide in connection with thev in- so that there. Is a clearly opt inmuml choiCe. 0I
dexing tests d&-scribed earlier. If the two indexing loii overall pt ,rlormiance. Caution
curves P:. versus and versus ,shown inii ust be, used iii gvi'iiraliizing I romn figurv 2 -65.
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It applies only to a specific group of liners and ances that are not appreciably more erratic
does not in any way represent limitations on than those of equivalent smooth liners.
either the optimium frequency or the depth of
penetration that can be obtained with other Table 2-15
designs.

Permissible tolerances
While compromises between will thickness and ____________

flute depth can provide suitable comibinations lta~tr 57-nini 105-1111
of optimnum frequency and niaxiinuni penetrai ion 0.0il. 10021l.
temporarily, tfie ultimate solution is to elinii- . .(1i. 002Ii
nate the influence of mechanical strength effects j0.002 ini. J0.004 ill.
by use of appropriate nonlinear flutes. :iuO 1 15 Jili j1 min

2-138. Variability in Performance of Fluted j2 e e
Liners and Tolerances Required. For the type~s dei2dg
of liners tested to date by Carnegie Institute of 1 5 11in 1 15 niin
Technology and Firestone, tolerances 01 theI
magnitude given in table 2-15 yield perform- 011tv :ugiv subtended at the axis by each flute.

The tolerances quoted are somewhat conserva-
~ ~ 1 twe Quite~ respectable' performance could be
Tyr Ii rit. xpected with somnewhat miore liberal figures.

A ~in the, cast, of the 57-nini cones, especially in
the early tests, the variations in test pieces
have beeni much larger than the tolerances
giveni. There seems no reason, however, why
reasonably careful techniques should not be
capable of providing pieces well within the
specifications.

The shapes of the flutes miust also be con-
sistent, of course, although it is difficult to
give quantitative tolerances ftr shape. Other
parameters should be kept to the sarne toler-

acsthat have been established for smooth
.~.o .3.0 liners.

Figure 2-65. Correlatilon betwecen pene'tration ers. One of the chief obstacles in early re-
at optimum fre quenry and the optimum t fee- sea._rch on spin compensation was the procure-
quency of ,rotatbon for* a particular group cQf ment of suitable test pieces. The difficulties
liners having Type III flutes. the index angle have now been very largely overcome, although
bving ito ned. For an 'v(absolute magnitude) manufacturers undertaking the task of producing
frequency up to 250l rps, anyr one of four in- fluted liners for the first time sometimes ex-
dex anpglecs can be used. Ont " the one having perienee recurrence of the old troubles.
t/jc greatest minimlni w4all thickness is of

prctical interest. hoice el.r', because it The only significant method of manufacture
Yiels buller penetration than the others. used to date is pressing. F~restone has made -
Conisequentitv, on[- yfist liner's correspond- extensive uso of machined liners of Type IV

lieso (1 i 1e-c~ot th corelaioneo laboratory purposes for that one design only.

figure 2-60, it is possible to predict, within Th meodienrlyustdtoqaiy
limits, the range of .index angles 1that are of production. Die casting has been considered
interest in is series of this sort. Thealg many times, but thus far appears unlikely to
witl, of (wur4se, depend on the SCi('litfic vat- yield pieces of adequate homogeneity or dimen-

ties of t, erc. use'd, sional stability. It is improbable that die
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casting could c'omlpete~ with pressing oil an i~snu7 £i.
ecconomic'al basis, iii aniy event. Elvectrodepo- Standoff Z.1 Chg. di*

sition of liners with flutes has also been con-
sidered, but has never becin attempted. There
is little chance that such a procedure would be haPnwdLer
competitive, either econoniceally or iii quality
of pr oduct.

2-140. Means of Spin Compensation Other than
Fluted Liners.

*a. The use of spiral detonation guides (vari-"MdI
ously called "lawnniowers" and "spiral stair-
cases"') to guide the detonation wavo in sections
along separate spiral piaths has been tested by
Firestone and Carnegie Institute of Technology.
The technique introduces a comipone'nt oti- 1W O

pulse in the appropriate direction for spin D(./c)
compensation. Experimnents indicate that the
principle operates as expected, but that the op- Figure 2-66. ExPerip~iental observations
tinium frequencies attainable without excessive by Firc'st~cm showing spin comap!nsationI
loss of penetrating power are relatively low. by smooth liners made by sheal-

b. A technique of fluting the explosive ad- for ming Process
jacent to a smooth liner has been tested by minut be done: before the practical significance
Carnegie Institute of Technology. The flutings of this observation can be evaluated.
were similar to those ordinarily used on the
liner. Spin compensation was observed, as ex- 2-141. Spin Compensation (by Use of Fluted
pected, but the procedure seems unlikely to Linerjs) Compared With Other Methods of Elimi-
afford as great benefit -as do the fluted liners. nating Spin Degradation. For standard small-

c. Very recentlý, Firestone has carried out caliber weapons (57-mim and probably 75-mm),
R series of tests with smooth liners made by a there is little room for -argument concerning
".1shear -forming" process. The liners were the best method of eliminating spin degrada-
very well made i nsofar as dimensional _~- ~- tion. Desi gns are already available and tested
teristics are concerned, and the charges were for fluted liners that will provide performance,
of standard design. The shear-forming pro- at the standard spin-rate of the 57-ijim HEAT
cess, however, tends to produce sp iral defornia- round,. essentially equal to that obtained with
tions of the liner, even though they may be in- smooth liners fired statically. The develop-
visible on superficial inspection. The deforma- ment of a comparable liner for 75-mmn rounds
tions may be manifestod in the final product by should be relatively simple. There-is no comi-
asymmetric variations in density, metallurgical parison so far as -ýijiplicity and low cost of
properties, or dimensions. Liners made by application are concerned between fluted liners
this process had previously been tested stati- and the other methods available.
cally at Ballistic Research Laboratories and
found to perform poorly; these results had For larger w.'apoiis (90i3-mm, 10iS-mm, and
prompted an analysis by Pugh that may have larger), the situation is quite different. In the
some bearing on the Firestone results. special case of the 105-nini 13AT weip~ini, Fire-

stone ha.-s found the -low-spin T138 rouind with
Firestone fired shear-formed liners of 90-mm a fluted liner to be the best solution. Static,
size at several different spin rates, obtaining smotsfh-cone performiance is obtained at spin
the penetration depth versus frequency plot rates up to about 60 rp.-iwitli available fluted
shown in figure 2-66. The liners showed a defi- liner designs, and shmell,; have been designed
nite and, for liiiers of the size, fairly large that afford sufficient acetiracy at spin ratvs
optimum frequency. The tendency of these below 60 rps. The design is not it satisfactory
liners to co~mpensate for spin is presumably solution to the general problem, however, be-
due to the asymmetrits caused by the mnethod' cause it require., a spoiae~l rulev. It is, timees-
of manufacture. Much more experimental work sary to find it shell design that ran bo fired
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fronm guns rur a'it ly in f lit, field or ini plaiduc - It see ill cletar, hoitwcv a' that atity t ''i-cho q iii to i'
tioll, i'a'uc i ig, f ie raft.a of spina oft iho 01 a ia'v taI pro~c-

Ther ar thev atvinatvtv~teiorbalist v idi' only ain Iiteirml soluitionl. ori'i a1 lluti'd
Thereart' hreealter~at ~i' tXtet'tlr ail it ie r c;I bei i dVX il " tit t't 11 iit it 's att f'or f liv

.'Solut ions to thi'l probl emi Une itt''coilS idt rat inl. 1Iqvryosplofatai1drul fan
Thlt Cic onpt of u i ng per ipivrltt ' jet vni "nt's oin g i halbvi, it 1111 "1 11l pros'at,' s fi,'il-t Ilst
tile shell to stop) its spill be'fore' tilie t arl is 'I1V11Vl M~ VC1011'1S0001t pl
reac'hed has not yet beeni :tde(uait ely It eMed. dogr i:i~ltio ftu~i r that cal ibe'r.
Fi~re'st one, ojai'tinitI ac:tIayArna,
his sonitt temats ph anned, buit conilitat a aois of thti.
torque needed offer litth', hope that thil, meithoatd Di: 'A'r OF' SHIIIAl':) CHANGE ~;WEAPONS
will pro'W't pra'citical.

Tlhe use of bcearmIa-mnourited chlarges that per'- 2 -1,12. Del tat lif Slmjped hat'Wajan.Of
natit parit of tfi lit', hl ti) spina, for stability, whil It aiII jiIVsib'ii' so defeat ting stmeiji d Vta rgtts,
filet chirgt, itself spins very slowly, if at all, t hie Iost proisi)ni tng fotund to (Iti ato' tisi t s oif a1
has bt'en prove ii prac-ti cal by Fi restotnte and catmbi nat iton of gl ass and si ct'I a r un'r. '1 het
Fa'ankford Arsenal and by Midwest Rese'arch. lasmay be' in thit fornm of jilat is, blocks, ori
Two designs hiay been us i'd - mitt, a I a odein hIa i't' balls, possibly if) tyitj ict' tonl wi th a suit -
a rra ngt' in 'nt, in whi ch f lit' fronit parit spins: abde shoc'k absorbing materalen . Thiis nca ns Ili
flit' other, aI cone enta'i c an'rangi'niont ini whichi provt-tt itnt has, thle advin itagi' of low densiaty anad
tilt outer shell casing spins about a relat ively' henct'i low overall weight, in addition to utilizing
siiw -sN. pinning i'ort, cont aIiniiag thlet'hargi'. 'i thii'r flthe aboormail stoptpi ng powi'r of glass, whichi I has
design set' is c'apable tif pr'ovidiitg clinarg split noi t ht't'r approniache d by anly otthter init thod of
rates of the order of 50 i'ps or less when fired passi ve. defti'nse. Titanium displays abnaormtal
front curreittly stanttaad rifles. Clearly, a st6ppi ng powo'r to aI much smaller eXt tilt. RV -

fluted line'r is needed fit) coanpeiisatt' fio' eve'n ('a'it rt'.tilts suggest that explosive pellets- or
those low spin rates: in largo' shills, and it imt- lina'ar-shatpid t'harges canl pritvidt' a ve'ry haigh
anediatt'ly bic-omevs c'iitic'al to know whether lthe degrve' of protection unide'r certain circuni-
spin frequenicy tif thet chlarge' is consistent. staitees, but thti'se last two mothods have not

been de~vt'l~t~d fitflit, point where they'~ canl bte
A number of labotaatonat's, both aIndustrnial and considored pr'acitical.
ntilitary, have been wot-ki g oti fin-statia i7,'dc
rounds. PBoth long-boont and ftddiaig-fiii ntitd'l~s TER~MINAL B3ALIiSTIC EFFFECTIVFNF~SS OF"
havi' been de~signed that canl hi' irt'd tfromt SIIAPI) CIIAJIGES AGAINST TANKS
sta idatrd we'apons with apliarit'itt Iv 511 sf avt'tti

;I curacy.' Event these' iavt' a smnall amoutnit i o 2-1-13~. Thet Criterion of Shaped Charge' ElfvEc-
s pin iiimpa rte'd to them in rdi ndarntai ly less it a ia t ivei'~ t' nlutst- Iii flt'e flinal evaluation be its
20) ips) to i antO~i'e iitt,'iaor bUallistiats, so a. abaility ti. defeat aii ai'ntired vehicle, - not just
fluted cone might be desiriablot' or large cal ibeir ito pairiliaatt' its :' armor'. Til,' first element to be
shells. CItIIISItilt'rd Iat tlilt' VI'itt 'ri~l ott i t hat of perfitra -

ti on: iii, s'conad dclnint is da mange, after a
A tomnp~aristoni of f lit' biarm ag -motintetd chta rgi' ptai itat io n. Peit oraat ion a if a tonu's a r mor is
withi thei fill - t a ItI 7i'il at Is s veryi- dif ivt t 1uIt l tii t(ii al' S311 as 110' r fo t':d t Oi f aiv ide a ize~d
ait pa-t's sent, becauase of h fiil' lvii iii ,'ih exp 'a. * ' e ta . Mit iIi oi flic' t arget 'Ip ais,'t-i'd by a tanlk
with ii earma ig- niooitt id projt cti Iis. It st'e i'' is ii' it 'g iia a aanid ii iiitg ioIIIa C tiinposIa-
ct'rtai i that thii' motst weiagh inoo1,' titan a1 ft))n, so I W~it th~lji'athioais ii tilt ,'ffec't oif pter-
.;tauidat'd stiii-stattilizt'd pritja't'ili', iii simiilar itta-ttiot t'aiiiit he, mtade' ii'il flat plati' data.
c'alibtir anid that til' cint-iti''it ia tlt'sign di'aom tis Da tiaioi dtioi's itot ileta i- tit a tantk ins.-t hicause-
thle list,' of a Inti'-laii~itu~ i I' Ii s a pI'ii'a'atitii III flit,' ai'itoi'td oivo'lopt' oc'curs.
not at all1 ut''-tatin, Iiint've'i- thaiti' will %%I'IIi Tlt-i li,'rtiia~tii miust cause fui'thter di'struc-
itlitt' tir i'lit, iii' i'a at thiain I iniio'a r'aounds. tioat iw-iat.ie. This daniage' dittnds upotn where
'fTh'ei-saiii', sha'lis Iiivolv' smoil t'at11piiit- fiti poii'atiiioi ii oaccua's aand tlit,' re'sidual dannag-
i'atiiias aII tht'signi anti lairiit;, hill WMItld ap-r III!,'i'' i-o tto titi jett after (lit' perfotration.
tat olailit- ha hia'lti'i siiltitiaiii tat hlit, twio i'il.ii~ iitit' lacttail sitita as- stand-off, liner mate'rial,
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U sua i ly, a tank is dest roye'd by rt' h'asing tilt Thit, tlabxI u,~get's that mo ist of tilt- tx us
forces that it carix les withlin it. Thus, I a k that were'xx xll bilur ut we xx' repair atlx-. Tatble'
destruoct ionx depenxds to aI great e'xt ent taxignition 2- 17 sujggests I h at tilit- xo lx oW Ihuii it) ti A xa Itix
of thit amimu nit ion or fuelI. Ilowt'vt'r', other ticI :xa1 kitlled an (nit ijixi Windexxd lot. a1 px, 'frt x at x x
types of damnage' reduce tank ofette'Iiv exit' rotund is a gx txod tint' fori siapt- ixcht xa rlgi u'oxxxdt;.
eq ually welt, depending upon Meux cirx-umlstances
of c'omibat. For ixxstaxiite, if a tank is ixiiiiiubi- Tablel 2-17
lized during a retreat, it is losit just as surely

is though it had been burned. ln (lit' cast, of aix i.o cx tcx'ct ti 'x i xx 'u
attacking force'. if tilit fixrcpouwer of thle t ank is- tXxich ktt't wooi( bii x ii'tt

* destroyed, the tank is not longer of uisc in (lit'
paxrticulair nxetnion. 2521

* Three categories of darniagt to a tank have beeni Tlxest' ait-i short -ranige wt-aplonxi' Kill: irtlly
definoed. occux r red at i'anxgts grecaterx tha 120i I ~) rds.

K Damaget is dlamagi' that will cause thie tank The mevan rangi' ti 227 allivtd casua itt x (all
to be' destroyed. tl' ilt, ' collcite dat a avatilablt o'tn 'halu ~x'ttt i'x i

F Daxixngt' is daxuagi' causing conipl~et or- frotn Woi'td.War 11).is .13.5 yarxds. liTv angu'lar
partital toss of tilet allitlity of flthe (listl ribtit ion tilt cistualty priiodtucingx itt xk dat a
tank to f ire its ixain ai linanment xv a ilabli' foxr thexse short - a ixge Weapons is
and machxine guns. shown in table 2-t18.

M aaeis daxiagi' ':iuxsiti inixiobiliza-
tioxi of tilt- tank. Tabulel~ 2-iS

2-44 Suce o erinlBalitc at. No. of Nt n No. oxT1  No. oxi
2 -14.Sureso TrntnlBalitc at. perforations fxoi ie rea'll

There are threte sources of data for ltermniial 
.. -7ballistic damage of shapi'd chlaiges lit t anks: 100:x i7

historical data, terminal ba~llistic firings at
tanks, and box tests. Each of these three 2- 146. Terminial Ballistic' t'iix'n s. Tilt- second
methods has its iniportanice. and thi'( most definitive source of damage in-.

fori'ation is thet proving grounid firixig at a
2-145. Historical Data. The prixicipalhistorical tank. Su -h firings have beeni varried out by thle
data compiled on the damage effectiveness of British, the Ballistic Rlesearchi Labor~atoxries,
shaped charges were obtainied by the Military and othier organizations froim time to timet.
Operations, Research Unit in Great Britain.
The data available are entirely for German The largest and most systematic pirogramo has
infantry hand-fired weapons, suchl as the Pan- been at the Ballistic Researtch Laboratories.
zerfaust and the Raketenpanzerlbeixcse, against The method of tobtaininig these data has li'eii
U. S. and British tanks. This infor-mation is as follows. *A fully equipped tanik (usilally~ a
valuable in Ilhat it gives sonic idea of tile' points T.26E4 or T26E5) is loaded with woodt'n c-row
of impact, the ranges of engagement, and the members in each ert'w positioxi anid slowed
crew casualty experiences in World War 11. with inert amimunxition. A small amiount of fu,'t
Table 2-16 shows the pr-oportion of Sherman is placed in tile fux'l taxis to operate thle enx-
and Stuart tanks that burned completely and the gine, so that it canx be riuninixg whonx the lank
proportion that were repairable, as a result of is fired onl. A rounid is then firi'd onl a. selected
shaped charge attack. surface of flt' tank. Txit angles of fire usually

considere-xd -are noxxixial tix fronxt axnd side, anid 45'

Table 2-16 aizinxitthi to frtxxx' anid side. Adoxtht'r anigle of
_________________________________________________ attack is at 45' elevation aingle. The~ rangi' 01

Percent firing v'arie's, dopeniesng on thex rounxd it) lit'
Total no. No. Percent casualties tested. For ixistaxxx-e, flit' OtI-iini T 108 round

considered burned burned repairaxble was firt-d at .51)0 yardls and tlxtt. 3.5-in. rtocket

6-1 27 .12 olthe atttxixpt is math' to covt'r filt' tanik with

_j hits iii a fairly uniformn xiixaxntr. Hlowevor,
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after the nature of the damlage of I arp~ticular Table .Z-19
round is generally understood, the routnds are-( Lodi of stand~ard i.cswt

fired at those surfaies of a tank where there is
thle greatest doubt about the damaige. ______________ ________________

As soon a-, a hit is obtained onl the tank, two 1rbblt of
combat -experienced assessors go to thle tank overall (Iainiatgi to
and examine the damnage. So long -.s filie tank lan k whien destroyed
is operable, opevrable components are checked Fd K
(such as turret traverse, gun elevationi, radio
int erco0m1muni at ion, and so onl). Tlui~ daminage Ani inn', iii, 'i
is then assessed with a dese- iphon of every iteni CasesC - 111111 n"111 .. . ... .00
of damage to the tank. These desrriptia, HE p lr.ji-cile ... ... 1.100
.assessments are then translated into nunici 'cal 11i1re*, .,,,;it,*
assmessments, which have been determiined by Sin ill al-! stowed S iWellh
the assessors to be standard. A list of stand- itrivingý voiiiiii1,1rtilicit .20 .10 ..
ard assessments of components is given in si,,it a11-11s StO)W'itd
table 2-19. M, F, and K damage are defined Iii va loadthz . .15
tin paragraph 2-143. ('11013id bwx.to .5 .

Table 2-19 is representative and is ulot in-mi,,ti : :
elusive of all the damage that could happenl to .20
such components is the electrical circuit, anid Loader .. 13
so on. Drvr.0 .iC

The'determination of a personnel kill is malde Dwgnv 1 . .

from examination of the wooden1 dummines. Milli gun and brevelh ... .80 ..
Assessmient of the possible damaige that could Eq(luiibrtorir ... .1)0 ..
have occurred fronm fuel or ammunition fires EI,'vnling and uravers-
is made by observing where the tilts occurred ing nivechnimni ... .80 ..
and correlating this with actual experiments- Rvotili ,nativite nis ... .80 ..

carried outa;gainst these components separately. Bow% machine gum ... .10 ..
Fuel and aninLnitioii are removed from the___
tank prior to firing, for practical reasons. Enugine, comlniprtmei(*

Engine, nimmon 10 ..
The descriptive and numerical assessments are Oil and cool'-wt coolers 1.00
the basic data for the analysis of tank vulnera- Fuel' tan~ks :J 10
bility. The information is contained in this iBattery :i0 .-40 ..
form in the firing records. British data aire
presented in a somewhat different form ti Fighting compartmilelli
tha t only the desleriptive part of the damage is flal o undleaii on - .50 .10 ..
given. ircontrol - deplend-

ent tin system
2-147. Box Tests. A box is placed behind the Driving controhi 1.0
armnor plate. Ini this box are instriliments to Wealer (using liquid
measure pressure and temperature. Usually enigine t.om~l.li) 1.00
there are witness plates to give an indication
of scatter. The box appears to be a.n admirlble Erxtorior components

Front idiler hub .50way to obtain developmental data on shaped Track 1.00
charge design. Its value will probably increase Driving sprocket 1.00
as correlation van be established between box Final drive 1.00
measuremernts and tank dan.age. Track guidett .10 ..

2-148. Qualitative Description of Shaped Charge
Damange. Fin-stabitized shaped charge rounds,
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with copper liners, such as the 3.5-in. rocket, Although shaped ehargus do not in general wreck
90-mm T108, 2.75-in. FFAR, and 8-cm All, a tank by their own energies, they are nearly
will usually do damage (provided "sufficient equally as efficient as the kinetic energy rounds
residual penetration" is available)- in : narrow in igniting fuel and ammunition in the tank.
cone along the path of the jet. Fragments can Shaped charges are equally as good as kinietic
be expected to do damage to soft targets, such energy rounds at knocking out the engine or
as personnel and communications equipment. transmission. They do not, however, assure a
The fragments are not likely to ignite ammuni- kill, when a pei )ration of the tank's armor
tion. The jet will ignite the projectile pro- occurs, any more tWan do kinetic energy rounds
pellant. The jet also will ignite gasoline by a of the same caliber.
perforation into the fuel tanks, either above or
below the fuel level. 2-149. Target Characteristics. Tables 2-20,

2-21, and 2-22 contain information regarding
Diesel fuel is not nearly so easily ignitable as the armor of various tanks and tie effective-

gasoline. Rounds with a large residual penetra- ness of several HEAT projectiles inpenetrating
tion have an appreciably better chance of ig- this armor.
niting diesel fuel. Another effect in the diesel
fuel firings is produced by container size. In Table 2-20 gives the probability of encountering
the firings of the 3.5-in. rockets, small con- an obliquity of . or less for various t: 's, av-
tainers containing five gallons of diesel fuel eraged over the expected angles of attack, if
were not ignited in 13 attempts. the attacking projectile strikes the presented

surface of the tank in a random manner. In
Exactly what constitutes "sufficient residual averaging, the distribution of angles of attack
penetration" cannot yet be specified. The was consid(.red to be either circular or in
amount of damaging power left in a shaped the form of a cardioid, as noted in the table.
charge jet after a target perforation that is The circular distribution is approximately what
necessary to do damage will vary, depending would be expected in the case of attack by
on the point of entry into the tank. If "residual handheld AT weapons, and the cardioid distri-
penetration" is acceptable as an index, -the bution is what would be expected from mounted
range of values that can be selected is probably AT guns.
greater than 1 in. and less than 3 in., to do the
type of damage that is confined to anarrow path Table 2-21 shows the probability of HEAT pro-
behind the perforation. A figure frequently used jectiles encountering an equivalent armor thick-
is 2.5-in, residual penetration, ness to or less, averaged over the expected

angles of attack for various tanks, assuming
The damage from shaped charges using liner that the projectiles strike the presented area
materials other than copper is somewhat dif- of the tank in a random manner. An equivalent
ferent. Materials such as steel or aluminum armor thickness is a thickness at 00 obliquity
tend to cause more fragments to fl) off the that gives the same protection, as some other
rear face of the armor, and thus fragment dam- combination of thickness and obliquity. The
age is more widespread than damage from distributions of attack angles are the same as
copper cones. However, neither steel nor used in table 2-20. Shielding by external corn-
aluminum lined cones have as great a penetra- ponents was not considered in the preparation
tion as copper cones of the same diameter. of tables 2-20 and 2-21. However, the net
Both steel and aluminum cone-shaped charges effect of external components is to lower the
produce considerable pressure effects inside a values in table 2-21 by about 10 percent.
tank upon perforation. The -pressure from
aluminum cones is apparently somewhat greater Table 2-22 gives the portion of the presented
than from steel. Tests on animalh placed in a area of the armored parts of various tanks
tank fired on by a 5-in. shaped charge showed which can be penetrated from various angles of
them to be unharmed unless hit by fragments. attack. Shielding by external components was
The approximate pressure measured by paper not considered in the preparation of this table.
blast gages was of the order of 50 psi. This
pressure did, however, tear off hatch doors 2-150. Methods of Data Analysis. The reduc-
and bend bulkheads within the tank. tion techniques of damage data for tanks have
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Table 2-20

Distribution ofangles of obliquily (grounl attack)
Probabilitv of yi'ounhcring obliqpilty v' or l'ss

___ M48 M48 T43 T43 JSU152 SiJlOO T34/85 JS III
(degrees) (circular)* (cardioid)l (circular)* (cardioid)l (cardioid)l (cardioid)' (cardioid)l (cardioid)l

0 0.03 0.03 0.05 0.05 ......

10 0.05 0.05 0.00 0.0(; 0.09 0.08 0.06 ..

20 0.06 0.06 0.07 0,07 0.,1 0.11 0.13 0.08
30 0.17 0.16 0.16 0.16 0.39 0.31 0.23 0.27

10 0.24 0.2.1 0.27 0.2.1 0.53 0.43 0.38 0.32

50 0.4:3 0..0 0.46 0,.1:3 0.69 0.56 0.49 0.41

60 "0.59 0.58 0.6-1 0,56 0.889 0.79 0.71 0.68
70 0.7 7 0.77 0.h.1 0.82 0.95 0,96 0,86 0.88

so8 0.95 0.95 0.95 0.05 0.90 0,99 0.95 0.98

90 1.00 1.00 l. 0 1,00 00 1.00 1.00 1.00

*Circular (uniform) distribution (if anghvs of attack consider(l,.
I Cardioid dlistribution of angles of attack cons 'Alerzd e(Y) -- (1 + cos y ).

Table 2-21

Distribution of equivalent armor thickness wilh respect to HEAT rounds (ground attack)
Probability of en conte ring te * o r less

t, M48 M48 T43 T43 T34/85 JS III
(in.) (circular) (cardioid)' (circular)' (cardioid)' (cardiold)l (cardioid)I

0 .. ... ... .. ... ...

2 0.18 0.07 0.06 0.04 0.22

4 0.48 0.37 0.41 0.31 0.62 0.16

6 0.63 0.57 0.59 0.48 0.72 0.23

8 0.72 0.68 0.68 0.62 0.76 0.46

10 0.7.1 0.72 0.72 0.66 0.78 0.67
12 0.76 0.76 0.74 0.71 0.78 0.72
1.1 0.77 0.77 0.75 0.72 0.78 0.74

16 0.77 0,77 0.75 0.73 0.78 0.74

18 0.77 0.77 0.76 0.73 0.78 0.74

= equivalent thickness at 0' for HEAT rounds (- thickness of armor x secant of the angle of
obliquity) of armor measurcdl from the normal plane.

SCircular distribution of attack angle.
SCardinir distribution of attack angle.

2-86 CONFIDENTIAL

- - - -



CONFIDENTIAL
Table L-2-92

Portion of Presented area of hull and turret that is petirable
(ground attack) *

Angle of attack Angle of attack
(degrees) (degrees)

2.36-in. HEAT, M6A6 90-mm HEAT, T108

M48 T43 T34/85 JS III M46 T43 T34/85 is III

0 0.06 0.22 0.72 0.08 0 0.60 0.53 0.75 0.702

:1 0.29 0.1t; 0.70 0.00 30 0.67 0.52 0.79 0.63

- 60 0.59 0.66 0.69 0.00 60 0.72 0.71 0.76 0.023

90 0.74 0.73 0.75 0.61 90 0.86 0.4 0.76 0.712

120 0.65 0.70 0.77 0.62 120 0.71 0.79 0.79 0.737

1-50 0.5_8 .5j 0.53 .0W 0.01 150 0.74 0.74 1 0.75 0.629

180 0.7.1 0,76 ... 180 0__

3.5-in. HEAT, M28A1 75-mm HEAT, M66

M4oT43 T34o '85 IS III o.408 T43 .T34/K JS III

0 0.60 0.63 0.75 0.73 0 0.02 0.05 0.53 0

30 0.67 0.55 0.79 0.70 0.07 0.06 0.53 0

60 0.72 0.75 0.77 0.70 60 0.29 0.37 0.61 0

90 O.j6 0.84 0.76 0.73 90 0.44 0.56 0.74 0.504

120 0.71 0.79 0.79 0.74 120 :.64 0.50 0.00 0.171

150 0.74. 0.70 0.79 0.73 150 0.35 0.33 0.13 0

180 0.75 0078 ... 1... 80 0.64. 0.67 ... ."

6.5-in. ATAR 105-mam HEAT, M67

I M48 T43 T34/85 JS Hi M48 T43 T34/85 JS III

0 -'0.72 0.77 0.79 0.76C 0 0.05 0.10 0.60 0.063

30 0.74 0.63 0.79 0.760 30 0.20 0.15 0.62 0

60 0.75 0.77 0.79 0,760 60 0.55 0.53 0.61 0.099

90 0.87 0,85 0.76 0.768 90 0.65 0.63 0.75 0.596

120 0.72 0,80 0.79 .- 0:768 120 0.63 0.62 0.6"3 0.576

150 0.74 0.76 0.79 0.760 150 0.5:3 0.51 0.53 0

180 0.75 0.78 ... 180 0.72 0.74 ...

*• .nicniber that a penetration does not insure ,t kill.
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not yet provided simple indices for the menasure and the 3.5-in. rocket). An examination of
of the probability of a given round killing a tank. perforating and nonperforating hits is made to
Such firings assemble basic data from firing on determine the reliability ol fuze action of
obsolete vehicles to provide an i~curate ebti- chemical energy rounds.
mate of vulnerability of new or proposed tanks
that have not yet been fired upon. The pi-oblem Vulnerability drawings of the target tank are
here is how to use a small number of actual prepared showing the arrangement of the in-
firings to give reliable overall damage proba- terior componetits to the line of fire (see fig-
bility estimates. ure 67). Using an overlay grid, the probability

of a hit, the chance of perforating, and proba-
The technique of data reduction is influenced bility of a perforation being a kill are entered
by the use to which the data are to be put. One into each square for a given point of aim.
use is the comparison of the effectiveness of
specific weapons. A second is estimating the The probability of a perforation being a kill is
number of weapons needed to counter an enemy determined by estimating the fragment pattern
force. Assembly of data on relative kill proba- and the expected damage from the jet. Refer-
bility on the particular target tanks used in ence to the qualitative description of damage
experiments provides a reservoir of knowledge from each round is used here. Numerical
which the analyst must assimilate prior to damage is computed by combining the damage
making an estimate of a weapon's effectiveness from components lying in the path of the jet
or computing a kill probability against any and fragments by the formula
target type.

PM = l - (l - Pa) ( 1 - Pb) (I - Pc) ...... (0 -Pk)
Two principal methods are used for data re-
duction. These are called the "vulnerable area where PM is the probability of M damage oc-
method" and the "distributed area method." curing, Pa is the percent of M damage resulting
The vulnerable area method is used when the from a hit on component "a," and so on.
target is small compared to the dispersion of
hits on the target. The distributed area method This calculation is carried out for M, F, and K
is used when the dispersion of the hits is small damage for several views about the tank, and
compared to the size of the target. These hit probability figures are varied for each range.
methods and some approximations that have been By summation, the probability of an aimed round
made are discussed below, killing as a function of range r and azimuth 0

is obtained. These data can be combined with
2-151. The Distributed Area Method. The dis- the expected angular and range frequency of
tributed area method will be described first, attack to give an overall figure of the vulnera-
since the vulnerable area method is essentially bility of one tank to an antitank gun firing a
a simplification of it. Consider the case when certain round. Such values have been com-
the probability of a hit being a kill by a pro- puted in the following table.
jectile of high velocity and low dispersion is
desired (such as the 90-mm T108 round against
the IS 111). Terminal ballistic damage data of Table 2-23
this round on the T26E4 tank are assembled Probability of killing JS III tank
first. These data include both the numerical !
and descriptive assessments. Examination is Kill category
made of the damage resulting from hits on Projectile M F K
components where damage is obtained only a .r.etleM..
part of the time, such as the suspension, the 90-mm HIEAT T108 0.50 0.47 0.44
turret ring, the hull in front of driver's con- 5-in. copper liner HC (as-
trols, and so on. For many other areas kill sumed same dispersion
probability will depend only upon probability of as 90-mm TI08) 0.66 0.66 0.60
perforating. Numerical assessments of damage
for various types of rounds are compared to All shots are aimed fire, without rangefinder, at
see if terminal ballistic damage after per- center of the largest concentration of target
foration is comparable (as are the 90-mm T108 vulnerable area.
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Another calculation (table 2-24) made for the Table 2-25
front of the JS 1II compares the 90-mm TI08 O ulnrabharea of JS OI tank tog round attack
HEAT round and the 105-mm BAT HEAT round l b shaofSd tank orounds (f2)
fired at ,he JS III tank. The TI08 round is.o
fired under the conditions of table 2-23 above, Round
and the BAT guns were fired in a salvo of two,
using a spotting rifle for aim. No mismatch in Angle 6.5-iii. 5-in. copper 90-11n1
the spotting rifle and the 105-mm rifles w a t of ATcAk ner Tl08
assumed. (At present the mismatch is sueh that attack M F K M F K M F K
the values for the BAT rounds beyond 1,400 .....--.-
yards will not be appreciably higher than that Front 3, 34 21 32 23 14 5 6 3
for the T108 round.) 60 77 51 :11 68 :137 I :t n 4

Side 75 54 "30v 76 47 27 " i 2h 11

Table 2-24 120' 74 30 73 42 L 21 11

Comparison of effect of lto 105 -mam BAT rounds
wit/h effect of 90-mam T1I8 round Table 2-'26

PreeteS'••d art'a uf JS III tanlk (YIty

,image Uliae Total area
Probabilty of F da g Angle of penetrable, including

Range _ on front of JS III . attack at .

(yards) 90-mm T108 105-mm BAT Front

500 0.33 0.233 Side $4 13 7
1,000 0.10 0.25 1

1,500 0.04 0.16 1 *o

2,000 0.02 0.10 The probability of a random hit causing a k•ll
averaged over the expected angles of attack,
f W) = 4.7 (1 + cos)), is given in the following

2-152. The Vulnerable Area Method. The vul- table and may be compared with table 2-23,
nerable area, which is the product of the hit which gives the same iiguiv for aimed fire
probability on the presented area and the proba- averaged over the expected ranges of engage-
biity of a random hit on this area being a kill, ment.
is computed from the overlay of figure 2-67
merely by assuming a uniform hit probability
in each square. It is assumed that the point of Probability of random hitfalling on total
aim may be anywhere on the tank. There is no presented area of JS II, causing kill
range effect to be considered for shaped charge
ammunition. Many of the present day shaped Kill category
charge rounds have sufficient dispersion for '
hits to be considered in this manner. Several Projectile M F K
calculations have been carried out on tank 90-mm T108 0.18 0.12 0.05
vulnerability using this method, and are in- 5-in. lIC (copper lined) 0.49 0.30 0.17
cluded in table 2-25. Probabilities are given 6.5-in. ATAR (steel lined) 0.55 0.41 0.26
in terms either of vulnerable area or the proba-

bility of a random- hit being a kill, the vulner- Comparison of tables 2-23 and 2-27 shows the
able area being the latter probability multiplied requirement for larger shaped charge rounds
by the presented area of the tank. when inaccurate fire is to be used.

To convert from vulnerable area to probability Table 2-28 gives a summaryof vulnerableareas
of a kill, the total presented area (table 2-26) on the T34/85 Russian tank to the 2.36-in. and
is needed. 3.5-in. rockets.
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Table 2-28

Vutlcrl,. ar.a of T:?I 8r5 (ft?)

Ground attack

Angle ti Pr,',entehd 2.36-in. HEAT M6 3.5-in. HEAT M28
attack '.ara (ft2) M F K M F K

r t 7 5 4 t; 6

415 95 18i IL " 20 13 1{

Side 97 36 17 15 37 21 1h

185" 95 35 1. 1 ,10 17 1,4

• Rear .45 223 5 5 25 , i

.30 Alt attack

Flont 87 19 17 15 21 lt 16

45.' 1315 30 ihi 14 :15 21 17

Side 140 38 18 16 .15 23 19

135 135 415 17 14 51 20 17
Iear 87 41 7 6 46 9 7

Table 2-29 gives the vulnerable area of the were made for the average of the front and
M26 to the 3.5-1n. rocket. sides of the tanks only. These calculations

approximate the probability of a random hit
Some calculations using, an approximation of being a kill on the ultimate penetrable area,
the vulnerable area technique have been made which is the penetrable area a tank presents
using the product of the probability of a per- to a round of infinite penetration.
foration averaged over the expected angles of
attack and the probability of a kill in the un- A rough check of the consistency of these ap-
armored components of the tank averaged over proximations can be made by comparing tables
the expected angles of attack. Calculations 2-26 and 2-27. This check shows that the values

for the 90-mm T108 versus the JS Ill given in

Table 2-29 table 2-27 should be approximately half of those
shown in table 2-30 which is approximately so.

Vulnerable area of M26 to 3.5-in. rocket (9"2) 2-153. Evaluation of Present Methods of Anal-

Angle of Kill category y The present methods of analysis are not
attack completely satisfactory. Fairly reliable esti-

M F K mates of the probability of a hit causing a kill
can be made but the method is tedious. Addi-

Front 7 7 2 tional data are needed to reduce thesubjective
30* 18 11 6 elements of damage assessment. Further re-

60 29 16 11 duction of existing damage data should help.
Sidhe 36 23 17 The computation of vulnerability by considering
120 33 16 11 the chance of a kill after perforation on each

150 27 8 5 small area is cumbersome. However, it is
10 22 2 1 reasonably reliable, and until a bouy of this

reliable information is assembled, approxima-
I tons must be viewed with suspicion.
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Tabl' 2-30 The method of analysis does not yet accurately

Spyaccount for the transition point between inaccu-
Alproximate probabi)i:y of a random huit'l rate fire, where vulnerable areas can be used,

iaro'cd rt'chicles givring a kill and accurate tiie, where the distributed area
technique can be used. Where the gunnerstarts

Tamt alming at spots on a tank rather than the whole
-ntank as a target is not known, and probably will

Round IS III T34/851JSU 152 SU 100 depend to some extent on the training of the
gunner.

76-mm IFAT
At, 0.20 0.46 0...1 0.411 Future analysis will be helped by witness plate
V 0. if; 0.38 0.ot (13.4 data, such as the British have Ween obtaininglor
K 0.0t 0.22 0.19 .1 many years. However, thcre appears to bw

90-rm II EAr little likelihood that th, vulnerability of a tank
1 0.37 0.47 0.49 0.45 can be computed fronm syntheses of many testsF 0.:1l 0.39 0.40 0.40 made only with.4imulationsof tanks. Theanalyst

K O.l 0.23I 0.24 0.23 of vulnerability must never li misguided into
-(the assumption that an exaet mpsurnment made

10-mram 1IFAT of an assumed condition (such as the box teets

m050 0.s:i 0.r:a o.s.i represent) can be used to the exclusion of the
F 0.41 0.42 0.42 0.4.1 inexact measurement of the real condition (vul-
K 0.24 0.26 0.26C 0. 2 ner- •ity firings at vehicles).

Energa rifle
gr..aide

m. 0.09 0.38
F 0.08 0.31 ... ...
K 0.04 0.17 ..

/
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FRAGMENTATION

INTRODUC nON to inflict consider-'able damiage to adjacent ob-
jects. Capacity for damage detpends upon frag-

2-154. General. The purpose ol any artillery meal size, velocity, and distribution.
projectile is the defeat of its intended target.
The probability of accomplishing this nissioii 2-157. Mechanism of Frag ientation. Flash
depends onl the characteri~stics ol the weap~onl-

ystenm, the damage cxtteritial o1 the wetn radiographs of exploding shell show that the
sysnd the resdtane iofthentarget. Nolt he jitih,' :usual shell steels will expand to about 1 1/2a n d th e r e s is ta n c e o f th e ta r g e t. N o t o n ly m u s t t m s t e r o i i a i i i~ t r ~ ~ ~ r i a i i ,i kthe ~rej'cti accuateiii ts oly mst limes their original .diaoiet er bvlore I ragmeota -

ile be a i flight, but it tion takes place. Failure ol inietal occurs in
must also be destructive enough to defeat th, ~shear in a direction of 45' from the normal.
target. Ordinarily, to obtain the optimum de -signo!.a wapo, acomromse ostbe ade Photomierogr'.phls of shell fragments indicate
betwen accuracyn, an damaromie musti'iit. liae ~ that some dcformation is also caused by shockbetween accuracy and damage potential. In the 0 m at
process of designing, the lethality is first dt.- or impact.
termined, and then utilized in conjunction with
other factors to obtain theoptinmumparamneters. 2-158. Number of Fragments and the Fragnment

Wig.hL Distribution for a proposed projectile
In the succeeding paragraphs, some of the design may be estimated by means of formulas
lethality criteria will btl discussed, in addition propoised by Weiss,1l Cook817 Mutt, 1 , 1 6 or
to lethal area, fragnmentat ionpatterns, and shape Gurney and Sarmousakis. 8 Each of these meth-
of shell. Also, wound ballistics and the damage ods leaves much to be desired in terms of ac-
criteria of personnel targets, along with their curacy of prediction, but any of them will give
optimum parameters, will be explained. Cal- results accurate enough for the preliminiry
iber, number and size of fragments, initial design of projectiles that do not differ: too much
fragment velocity, target type and toughness, from current types. The work of Mott has
angle of fall, remaining shell velocity, degree gained the widest usage, hence it has been
of protection offered by the ground, location of chosen for detailed presentation in this hand-
burst, and similar considerations are all in- book.
volved in determinations of the overall effect-
iveness of a weapon. 2-159. Parameters Needed to Evaluate Frag-

mentation Effectiveness. Such parameters in-
2-155. Nature of Fragmentation. A conventional elude fragment weight distribution,' fragment
artillery shell consists of a case, filler (high spatial distribution, and impact velocity. In
explosive), fuze, and detonator. When theshell order to determine the impact velocity, it is
detonates, the case first expands, and then necessary to compute from initial fragment
breaks into fragments. velocity and rate of velocity loss. The latter

is often expressed in terms of a remaining
2-156. Fragmentation Process. Fragmentation velocity curve. In addition to these, it is
and blast are the results of detonation of ex- necessary to have some lethality criterion
plosive missiles. The energy of the high- upon which to base effectiveness. At the pres-
explosive gases is expended in projecting the ent time, a reliable criterion for personnel
fragments, expanding the gases, the shock casualties is available. It is expressed as the
wave, heating and deforming the fragments, and conditional probability that a single fragment
so on. The fragments are propelled at high will disable the target, and is a function of the
velocity and, within a very short distance from mass, area, and velocity of the fragment.
the center of explosion, pass through the shock Some effort has been made to obtain criteria
wave, which is ietarded by the air to a greater for damage to aircraft and light armor plate;
extent than are the fragments. In effect, the such criteria, however, are not very reliable.
fragments, which are hurled outward at high The subject of lethality criteria isgivendetailed
velocities, are projectiles with the capacity treatment' in paragraphs 2-181 through 2-185.
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DETERMINATION OF FRAGMENrATION age fragment muass (in mass units), and A is a
CHARACTERISTICS constant. If it is assumed that two-dinmen-

sional breakup holds 4own to the finest frag-
2-160. Methods. The fragmentation character- mel.t, then
istics of developmental model shells may be M(!11)1/2
determined by means of fragmentation tests. N(O) = (8)
Analytical nethods are used to predict frag-
mentation characteristics during the initial where M (in the same units as ,t) is the total
stages of idesign. mass of the shell and 2 p is the arithmetic

average fragment ma'ss. Noting that M/2,,
2-161. Fragmentation Tests. Fragmentation represents the total number of fragments No,
test methods, as described in Ordnance Proof equation (8) may also be written
Manual 40-23 (March 1947), include: mr1/2

1. Closed-pit test for determinationof num- N(m) = Nee e (9)
ber and size of fragments.

2. Panel test, for determination of iragment 2-163. Three-Dimensional Breakup of Shell. 18

distribution. For extremely thick-walled shell, the wall
3. Velocity measurement test, usingvelocity thickness will have less effect on the size of

screen and Aberdeen chronograph. the fragment, and three-dimensional breakup,
These test methods are substantially obsoles- rather than two-dimensional breakup, will be
cent and have largely been supplanted. The the rule. The mass distribution of fragments
method presently employed by the Ballistic for this case will, according to Mott and Lin-
Research Laboratories makes use of Celotex- foot, be described by
filled recovery boxes to sample the fragment n- 1/3
spray and Fastax high-speed cameras to de- N(m) = A'e,(C (10)
termine fragment velocity. The recoveryboxes
are arranged around a test shell which is sus- where A' is a constant, ,' (in mass units) is
pended with its axis parallel to the ground. related to the average fragment mass, and N(m)
Dural sheets are placed in front of several of is the number of fragments of mass greater
the boxes and the Fastax cameras are so ar- than m (in the same units as 1). For frag-
ranged that they photograph both the shell and mentation shell, equation (9) is more repre-
the dural sheet. Thus the detonation and the sentative of the conditions found than equa-
flash at the sheet, when the fragment passes tion (10).
through, are both recorded. Elapsed time may
be determined by counting the numlgrofframes 2-164. Significance of Quantity ;. The quan-
between the two events on the filmstrip. tity ;z in the Mott equation is, for any given

shell, dependent upon the characteristics of
Other systems in use are the water pit and the explosive and of the metal case. It is,
sawdust pit. All of the later methods permit assuming the Mott equation to hold, a measure
only partial recovery of the fragments but re- of the fragmentation efficiency of a projectile.
sult in !ess fragment breakage than the earlier To quote Gurney and Sarmousakis: 8

sand pit method.
"The significance of the quantity m ... may be

2-162. Two-Dimensional Breakup of Shell. Mott made clearer by statiIng that.. .the number of
and Linfoot proposed that fragmentation of a fragments greater than p grams... is equal to
thin-walled shell is the result of two-dimen- the number of fragments having masses lying
sional, rather than three-dimensional, break- between ,/11 and p grams. Thus if, for in-
up. 18 Under-this assumption, the.mass distri- stance, A = 5.5 grams, we have the result that
bution of fragments may be described by the the number of fragments with masses lying be-
equation tween 1/2 gram and 5 1/2 grams is equal to

in1/2 the number with mass greater than 5 1/2
N(m) = Ae"(m (7) grams; (this is assuming that [the Mott equa-

tion) continues to hold down to fragments as
where N(m) is the total number of fragments of small as 1/2 gram). We can say further, that,
mass greater than m, u is related to the aver- if [the Mott equation] were to hold for all the
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f ragmients, then flth, number of f ragmients greater 2-166. Mutt Sc-aling lFormutla. Thev following
thati p, would comprise 37% of the total."' formlula-,rel1a-tingl thv -value of oi to the inside

diameter di and file thickness t, has been pro-
The value of ",in addition to being depe-ndent posed by Mott: 1
upon thle chiaracte-risti('s of the, explosive and
the metal, is also dependent upon the' physical 1,/2 = 13b/6d 1 /3 (
dimensions of thei M;iell. To iccounti for th~ s d i j) (1
variability, scalinug fornmo las hav'e bee'n pre - ihee B~ is a const ant -depend ing o il the explosive
posed by Muitt, I and by Gui-ney and Sarmiou- anthphicl(irctrtisofteetlo

sks 8 tile casingl. Fo'4r small Values of C/M, thle

2-15.lllihili~'ofhi' t~t '~j~th. mmy cha rge - to mea ~s~ratio, this I ornmu Ia
2and5 Sam uakisme lityu ' the lott n I'l tatio meGunt agrees well with that proiposed by Gumnry and

in regard to flth, rep roduvibility of data: 8  riuakssethfolwnpraap.I. ''"A serious difficulty in analyzing ttv, data is 2-167. (lurney-Sarmioosakis Fcli~ "ormnula.
the iionunitormn behavior of flte projeotiles. The' ftillowing formulta lins been proposed by
There is usually a cosdrbe~aitinin Gurney and Sarniousakis:8

the numbers of fragments produced by different
members of a lot of shell. ....Thus ...one must 12=Ltd )/
not expect more than a. rough agreemennet be- 1/ + t/d1  ( )3 2) P
tween the meager exp~erimental data and thle Vi+ /2(

sonl-ttvorticl. oritilc."where t anid di are the thickness and inside
diameter (in the samie units).

Chi-square tests of some foreign ammunition
have shown no significant difference in round- 2-1 68. Effect of Explosivvs on I,. 8%oleni, Slia-
to-round I. agmentat ion results. American d~ata
tend to contradict this. It is felt, hnwever, that 1)110, and Singleton, of thle U. S. Naval Ordnance
up, to this time the amount of American datai Laboratory, conducted a series of firings '%to

examined has not bet'n sufficient to permit con- compare the fragmentation efficiency of a group
of explosives.6 The test shell were cylinders

clusions to be drawn. made of AISI 1045 cold-drawn, seamloss-steel
tubing, stress relief ainnaled; with .a hardness

Solern, Shapiro, and Singleton, at the U. S. Naval of about 100 R~ockwell It. The nominal dimen-
Ordnance Laboratory, fired a series of experi- sions of the shell were 2.0 in. in 1. D., and
mental steel shell filled with explosives ol 0.25 in. in thickness. Exact di nensiolsaire given
different characteristics.6  This was done in in table 2-31. The pressed explosives were
order to obtain values of the piarameter , as formed into 2-in. dia metor pel.lots of 1-in. height
well as to serve several other purposes. The at a pressure of 16,000 psi.
plots of the log of the cumulative number of
fragments versus the square root of the frag- Table 2-31 lists the explosives tested, the di-
ment mass that were obtained provide an inter- miensions of the cylinders, tile values ot the
esting comment on the Mott equations. Several C/M (charge- to metal-miass) ratio, and the
representative plots are shown in figure 2-68. computed values of ,1/2. The Mott andGurney-
Since thle Mutt equation predicts that this plot Sarniousakis sealing constants are included to
should be a straight line, straight lines have permit calculation of,. 1/2 for other shell sizes.
been drawn in by the miethiod of maximumn likeli-
hood, and from these Hlies the values of ;, have Note
been determined. It can readily be seen, how-
ever, that the experimantal points in every case Calculations will be applicable only to
form a curve of increasing negative slope shell made from a metal with fragmenta-
rather than a straight line. Assuming that the lion chiaracteristics 'similar to those of
experiment was accurate, this would seem to AISI 1045. See the following paragraph
indicate a fundamental. defecct in the Mott re- for information on the effect of metal
lationship. characteristics on the value of A.
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2-16C. Effect of Properties of Metal onli. The 2-170. Fragmentation Characteristics of Duc-
Ballistics Research Laboratories have under tile Cast lron-. 0 Experimental ring and cylin-
way, at this time, a program of basic research der type shell, made up from three grades of
into the fragmentation characteristics of a wide ductile cast iron - nodular ferritic, nodular
variety of materials, including steels and non- pearlitic, cupola malleable - showedondetona-
ferrous castings. Reports thus far issued are tion the following fragmentationcharacteristics:
listed in the bibliography following paragraph a. The three grades of ductile cast iron
2-207. showed little or no difference in fragmentation,

notwithstanding the substantial difference in
The results of the program indicate that there strength and ductility.
is some correlation among the density, tensile b. The fragments from the ring-type shell
strength, and static reduction of area of the were coarser than those from the cylinder-
metal and the mean fragment mass. 2 2 Semi- type shell, which is a reversal of the behavior
empirical relaticis for. the nmean fragment of steel shell under the same conditions of
mass of ring-type experimental shell have been firing.
obtained in terms of these quantities, the phys- c. The ductility of these three grades when
ical dimensions of the shell, and the initial subjected to high rateg'of strain - as measured
fragment velocity. These results are, however, by the reduction in cross sectional area of the
applicable to shell design only on a qualitative ring-type, and wall thickness of the cylinder
basis. type after detonation - was practically identical

Table 2-31

Molt and Gurney-Sarmousakis scaling constants

Gurney-
Mott Sarmousakis
scaling scaling

( di I constant constant
Explosive (in.) (in.) C/M Al 2 (B) (D)

Cast explosives"

Baratol 0.25.1 2.000 . 0.562 1.237 2.73 2.55
Comp B 0.253 1.999 0.377 0.532 .1.18 2.14
Cyclotol 0.253 1.999 0.380 0.471 1.05 1.01
(75/25)
Ht-6 0.254 1.999 0.395 0.661; 1..7 I.:-
HBX-1 0.255 1.999 0.3:4-1 0. ; -15 1.36 1' 10
111X-3 0.255 1.999 0.403 0.7. 1 1.72 I 1.5
Pentolite 0.254 I . 1.999 0.36t; 0.396 1.32 1.27
(50/50)
1TX-1 0.25-1 1.999 0.367 0,534 1.18 1 .1-1

PTX-2 0.25.j 1.999 0.373 0. 5-1 1.21 1.17
TNT Q.254 2.000 0.355 0.7a151 - 1.66 1.1

Priesse'd exploslve.4S, [
I'INENNWax 0.251 2.U09 0.371 U 0.427 .95 O.0 'U12
(90/10)
13'1NEU/Wax 0.251 2.012 0.317 0.507 1.13 .10
(90/10)
Conmp A-3 0.252 2.012 0.367 0..t 74 1.17 1. U
MOX-21B 0.248 2.008 0.A61 1.2st 2..91 2.79
Pentolite 0.252 2.011 0.363 0. 638 1.-LI 1.27
(50/50)
RDX/Wax 0.253 2.010 0.370 0,509 1.13 1.09
(95/5) .
RI)X/Wax 0.251 2.01.1 0.350 0.566 1.26 1.2:1(85/15) I
•ritryl 0. 2541 2.011 0.371 0.660 1,45 1..1

TNT 0.25:J 2.012 0.34 8 0.972 2.15 2.10
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and showed no relationship to the static duc- 1. Determine the value of the constant in the
tility. Mott or Gurney-Sarmousakis scaling formula

d. The half-weight - the particular weight (paragraphs 2-166 and 2-167) by substituting
of a fragment which divides the individual into the scaling formula the necessary physical
fragments into two groups, each containing dimensions and C/M ratio (Gurney-Sarmou-
half the total weight of fragments - appears to :akis only), as well as the value tf ,,z (square
be of the order of 1/4 that of steel shell stock ;on' of 1/2 the average fragment mass) for the
for the ring-type and 1/16 for the cylinder- e'np; rimental shell.
type. '. Substitute the physical measurements and

e. Although the ductile cast irons used inthe C/M ratio (if required) for the proposed design
test were centrifugally cast, the physical prop- .i,,o the scaling formula and, using the computed
erties, after heat treatment, of the tubes from constant, determine the new value of ..
which the shell were fabricated are comparable 3. Using the obtained value of ., compute
to those obtained from sand casting. It is the mass distribution from the Mott equation
therefore reasonable to assume that the results (paragraph 2-166).
of this test are representative of what would be
obtained from conventional sand castings given Note
the proper heat treatment.

f. The use of ductile cast irons in ammuni- In the event that the explosive to be used
tion seems to be attractive in those cases in the proposed design is different from
where steel gives too coarse a fragmentation, that used in the experimental shell, it
and where strength requirements are com- will be necessary to correct the value of
parable with the properties of the ductile cast , to apply to the chosen explosive. See
irons. Making mortar shell from ductile cast paragraph 2-168.
iron is one application that shows promise.

2-172. Prediction of Initial Fragment Velocity.
A later report, BILL Technical Note No. 894, lThe initial velocity of fragments is quite ac-
gives a comparison of the wounding effective- curately predicted by the Gurney formulas: 1 9

ness of a series of cast casings. In this study,
the general rank of families of casing material
"In order of increasing effectiveness against for cylinders
personnel is gray cast iron; cast, and forged V o C/M
steel; and the ductile and malleable cast Irons, = + 0.5(C/M) (13)
which have about equal rank. for spheres

2-171. Application of Metal Fragmentation - t C/M
Characteristics Data to Design of Shell. If the V0 =v2E + 0.6(C/M (14)
properties of metal, as shown by one of the

BRL reports on fragmentation characteristics where
(paragraph 2-170), seem promising, the results
of the report usually can be used to predict, by Vo = initial fragment velocity (fps)
means of the Mott equation, the probable mass r = a constant (fps) for each type of ex-
distribution for a proposed projectile design. plosive

C = weight of explosive charge (units the
In order to apply the Mott equation, one must same as M)
be certain that it is applicable. That is, the M = weight of fragmenting metal (un. s the
experimental data must be based upon natural same as C).
fragmentation rather than controlled fragmen-
tation (for example, data on ring-type shell are 2-173. Gurney Constant. Table 2-32 gives the
not usable), and the plot of the square root of value of P for most ot the commonly used
fragment mass versus the log of the cumulative high explosives. For information on the exact
number of fragments must be a straight line, composition of these explosives, see table 2-8.

If the above conditions are met, the value of ., 2-174. Graphical Calculation of Vo. Thegraphs
for the proposed design can be computed as in figures 2-69a and 2-69b simplify the calcula-

follows. tion for Vo in terms of the outside diameter
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(do) and thickness (t) of the shell, the ratio of Multiplying by the appropriate value of
the density of the explosive to that of the metal from table 2-32 will give Vo.
case (Pc/Pm), and the Gurney constant (4/"-) of
the explosive. Knowing the value of t/do, figure 2-175. Remaining Velocity of Fragments. The
2-69a solves for C/M ab remaining velocity (V) of a fragment, at a dis-

- e C7P /m be found by tance x from the point of burst, is expressed by
multiplying by pc/pm. This value of C/M may CDAP
be used to find Vo/]2-E front figure 2-69b. V Voe m

Table 2-32 where

Explosive Gurney Constant, -i42 x = distance from point of burst in ft

(fps) V = velocity of fragment at x feet from
point of burst in fps

Composition C-3 800 V = initial velocity of fragment in fps

Composition B 8,800 = average presented area of fragment in
ft 2

Torpex 2 8,800 m = mass of fragment in lb

Composition H-6 8,400 p = density of air in lb per ft3

Pentolite * 8,400 CD= average drag coefficient (dimension-
Minol 2 8,300 less)

HBX 8,100 2-176. Relation Between Mass and Presented
TNT 7,600 Area of a Fragment. For any homologous class

Tritonal 7,600 of regularly shaped fragments, the mass and

Picratol 7,600 average presented area are related by the

Baratol 6,800 equation

M K(A)3/2

.4 . . -

01.5
0 .05 .10 .15 .20 .30 .40.5

t/d,

Figure 2-69a. Graph for computation of Vo
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Fvigre 2-69b. GrYaph for computation of V0

where K Is a constant for the class. It has been substantially constant, regardless of the di-
found experimentally that the value of K is rection. If the projectile were entirely cylin-
roughly constant for the fragments projected for drical, the greatest density of fragments wouid
a particular shell. Values of K are given in be close to the equatorial plane, with prac-

SBRL Reports 501, 536, and M915 for a variety tically all fragments contained in a narrow
of shell and bomb fragments. sidespray of the order of 200 width. For an

ordinary artillery projectile, the curve of dis-
2-177. Measurement of the Presented Area of a tribution with angle is peaked, and resembles
Fragment. The method in use at present in- the "normal error curve." An example is
valves the measurement of the presented area shown in figure 2-70.
of the fragment for each of 16 positions corres-
ponding to the orientations of. 10 of the 20 Projectiles and warheads almost always have
faces of an icosahedron plus 6 orientations circular symmetry about their longitudinal axis.
corresponding to the 12 vertices of the ico- Hence, we may describe the distribution of
sahedron - the remaining 10 faces and 6 ver- fragment mass and velocity as functions of
tices are symmetrical to these - and the use of the angle 0 measured from the nose of the
the arithmetical average of these values for shell. Let p (0 )be the fragment density in
K.28  The instrument used to obta-in the pre- fragments per unit solid angle. Then No, the
sented area is known as an icosahedron gage:- total number of fragments of the given shell

is given by
2-178. Discussion of Fragmentation Patterns.
When a projectile or warhead bursts, fragments
are projected in many directions. If the pro- No 2 sin 9dB
jectile were spherical, and stationary when
detonated, the density of fragments would be
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5 TYPICAL A'IGULAR FRAGMENT
DISTRIBUTION; 105 MM SHELL MI,

1540 F/S REMAINING VELOCITY
PERFORATIONS OF I* SPRUCE
PER UNIT SOLID ANGLE AT 15 FT.

u 4 FROM BRL REPORT 386

.J

0 •

2 2

a.

0
0 20 40 60 80 100 120 140 160 180

ANGLE FROM NOSE OF SHELL (DEG.)

Figure 2-70. y'pical angular fragment distribution

2-179. Fragment Emission. If a small target projectile at the instant of burst. This throws
of vulnerable area Av is exposed to the spray of the principal fragment spray forward, and also
a distance r from the burst point, the expected increases Okie density of fragments in the for-
number of strikes E on the vulnerable area of ward hemisphere, at the expense. of the rear.
the target is

E p(e) Av 2-180. Influence of Surface Contour on Frag-
E= ment Distribution. The most important factor

r2 in determining the spatial distribution of the
and the probability of at least one strike on fragments is the shape of the metal casing.
the vulnerable area is The shape of an artillery shell is limited by

p (R)Av the requirements of exterior ballistics and

p(r, 6) = I - e .r 2  manufacturing. For discussion 'of the effect
or of contour, see references 2, 15, and 39.

p(r, 6) 1 - eE LETHALITY

Here, it is assumed that the fragments travel 2-181. Lethality Criterion. To evaluate the
in straight lines (usually an acceptable simpli- effectiveness of fragmenting antipersonnel wea-
fication). pons, a quantitative casualty criterion is neces-

sary. One criterion of wounding power is the
When the shell bursts in flight, each fragment has 58 foot-pound rule, which states that missiles
added to its velocity the forward velocity of the that hit with less than 58 foot-pound.3 of kinetic
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energy do not kill, and that those that hit with type K, which is incapacitation within five
more than 58 foot-pounds do kill. However, seconds. Type A is incapacitation within five
this criterion was never intended to be more minutes. The degree of incapacitation con-
than a rule of thumb. In 1944, Gurney sug- sidered is that adequate to prevent an enemy
gested that mV 3 was a more suitable criterion either from firing a gun or offering resistance
than the kinetic energy of thie ability of pro- of any sort. Type B incapacitation is fatal or
jectiles to wound human targets (m is the severe wounding, in an indefinite periodof time.
fragment mass, and V is the fragment velocity).

Type K incapacitation was considered in the
2-182. F"'eriments to Determine Penetration design of new type hand grenades, since the
Data. The volume of a temporary cavity is a infantryman throwing the grenade should be
structural, rather than a functional, concept. very close to his targets, and would be subject
It may be regarded as a measure, nimple and to retaliatory action if incapacitation were not
physical in nature, of structural damage, but it instantaneous (within five seconds) or com-
is not real incapacitation. Because of the un- plete. The experiments were conducted in 1951
reliability of trie cavity studies for-the evalua- at the Army Biophysics Laboratory in Edge-
tion of casualty criteria, McMillen and Gregg5 4  wood, Maryland. The statistical data were
concentrated on wounds which they considered to interpreted by T. E. Sterne, and outlined in
be "fatal" or "severe." These could be caused, reference 24.
they assumed, by the projectiles' reaching
certain vulnerable regions inside the body after 2-184. Probability of Immediate Incapacitation.
penetrating protective layers of skin, soft tis- From the experiments, Sterne derivedtheprob-
sue, and bone, provided that the projectiles ability Phk that a random hit on a man by a
reached the vulnerable regions with velocities single fragment would cause his complete in-
in excess of 7,500 cm per sec. A constant capacitation within five seconds. Sterne's cri-
thickness of skin was adopted, and the thick- terion is reproduced, in altered units, in fig-
nesses of soft tissues and bones were deter- ure 2-71. The abscissa is the quantity
mined from anatomical charts depicting cross (MV/A)10"6 , where M is the mass of the frag-
sections of the human body at approximately ment in grains, V is its striking velocity in

one-inch intervals from head to foot. The feet per second, and A is its projected area in
velocities necessary to penetrate the various square inches, averaged over all directions of
thicknesses of skin, soft tissue, and bone were projection.
based on experiments with steel balls, and in
some cases involved living animals. The vulnerability of a man to five-second in-

capacitation comes almost entirely from severe
Although the work of McMillen and Gregg was injury to the spinal cord above the second or
an improvement, their results cannot be ex- third thoracic vertebra, or to parts of the
tended reliably to actual practice, because brain. Five-second incapacitation can also be
weapons do not have spherical projectiles. caused by multiple severe wounds to other
However, the same basic experimental data anatomical regions. This latter type of in-
of penetration through skin, tissue, and bone capacitation is not considered, however, as it
are still used. The requirement that all pro- is only at very close distances that a sufficient
jectiles emerge from the protecting layers with number of severe wounds are at all likely, and
more than 7,500 cm per sec of velocity, re- at such distances, five-second incapacitation by
gardless of mass, is no longer used. The new separate hits is probable. The probability of
requirement is that all projectiles emergefrom multiple severe wounding decreases with in-
the protecting layer with 2.5 X 107 ergs of creasing distance like a large negative power
kinetic energy in order that they may cause of the distance, and hence far more rapidly
comparable damage, regardless of their mass, than the probability of five-second incapacita-
when they enter the vulnerable regions. The tion from single wounds, which decreases onty
vulnerable regions are defined by McMillen and somewhat more rapidly than the inverse square
Gregg in their report. of the distance.

2-183. Types of Incapacitation. Therearethree 2-185. Status of Wound Ballistics. All of the
types of incapacitation considered. The first is information on lethality criteria and wound
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Figure 2-71. Casualty criterion for rapid itcapacitation (within 5 seconds)

ballistics is still of a provisional nature. The 2-187. Lethality. The basic concept used in
bone penetration data that have been employed arriving at a suitable lethality index is that of
have introduced considerable uncertainty, as the "expected number of occurrences of a rare
they were penetration data rather than data on event," that is, the expected number of in-
the loss of velocity by perforating missiles. capacitations of personnel targets. Consider a
Other deficiencies are caused by the scaling of shell detonated above the ground (figure 2-72)
the bones, and the method of suspension and at point S (x, 0, z).
support. Then, a difficulty arises when the
results with spheres are extended to random The expected number I of incapacitations -is
fragments from shell or grenades. Also, a then given by
critical evaluation has not yet been made of
the amount of energy required on the emergence
of a fragment from the. protective layers in
order that the fragment may cause fatal or
severe wounds when it hits the vulnerable Z
regions underlyin:" the layers.

LETHAL AREA COMPUTATION 7

2-186. Introduction. The task of lethal area r
evaluation of antipersonnel fragmentation weap-
ons is obviously important, as these weapons
(that is, ' ,rtars, howitzers, guns, artillery
rockets, aj so on) accounted for the over-
whelming . .ý ,rity of casualties in the Korean
and Indochinese conflicts. It should further-
more be noted that the percentage of antiper-
sonnel fragmentation rounds employed by ar-
mor-during World War 11 ranged from an av-
erage value af 16 percent to a maximum value
of 24 percent, depending on the theater. Let us
now formulate the problem in broad outline,
leaving the details until later. Evaluating the
lethal or deadly area of a projectile means ar-
riving at a figure of merit which permits one to y
predict how many casualties a shell will pro-
duce upon detonation under specified conditions. Figure 2-72. Shell detonated above the ground
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I= I (x,y) P(x, y) dx.dy (15)

where 7 is the density of the targets and P is
the probability of a target's being incapacitated
within the area dx . dy. Assuming constant tar-
get density, the above expression becomes

J t fA1  Pdx dy (16)

1/7, which has the dimensions of area, is then
defined as the lethal area L and is seen to be
the number which upon multiplication by the
target density yields the expected number of
casualties. Since not every hit by a fragment Figure 2-73. Static detonation
causes incapacitation, it is desirable to de-
compose the probability P into a function of
three probabilities: the probability of the target AIR BURST

being exposed, the probability of the target
being hit if exposed, and the probability of the
target being incapacitated if hit. Thus equation
(16) may be written

L = fpJ P/h/e dx. dy (17)

It now remains to insert the appropriate input
data into the function Pi/h/e- The intrinsic F

parameters are the following: FLAT GROUND nD
1. Shell Descent Angle PR ON

2. Shell Residual Velocity TA--ETS
3. Shell External Geometry

4. Shell Internal Geometry Figure 2-74. Air burst - flat ground -

5. Shell Casing Composition
6. Shell Filler Composition
7. Target Presented Area, which depends

on (see figuret. 2-73 through 2-77)
a. target attitude
b. cover, natural or artificial AIR BURST

c. fragment aspect angle
8. Target Incapacitation Criterion.

Static fragmentation input data of the kind de-
picted in figures 2-78 through 2-80 are used
invariably.

.The incapacitation criterion in use at the
present time is given in BRL TN 370.

Upon insertion of the input data the expression -AVERAGE
for the lethal area becomes KNEELIN PRONE STANDING GROUND

10* 30,
L = f ftfG(O, -exp [rl(t,*) - sl(e) -FOXHOLE FOXHOLE

S .(m, m, , )T ) dm] }.3(o,,)dO- do (18) Figure 2-75. Air burst - average ground
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GROUND BURST

2Mo

FLAT n

GROUND K P S 0 e

Figure 2-76. Ground burst -- flat ground Figure 2-79. Averagc fragment mass

with The complicated nature of equation (18) renders
numerical integration via high-spred computing

SG(O, ) indicative of geometric proper- machinery inescapable.
ties of the ground

Ti(o, 4h) indicative of geometric proper- 2-188. Simplifications. The lethality determi-
ties of target nation method discussed so. far is unquestion-

S1 (o) indicative of physico-chemical ably the most comprehensive and accurate one
properties of shell but is - it goes without saying - no more ac-

S2 (m, e') indicative of physico-chemical curate than the fragmentation data that enter
properties of shell into it. Certain reasonable simplifications that

T 2 (m, o, f) indicative of physiological prop- may be effected in the computation procedure
erties of target will now be discussed, the principal one of which

3(6, as) indicative of transformation of is the assumption that allfragments depart from
coordinate system. the shell within a side spray of specified an-

gular width, say of the order of 20, and that
the angular position of the centerline of this
side spray may be fixed by inspection of the
fragmentation test data. It turns out that in
this case the double integral of equation (16)

A.VERAGE will reduce to the single integral

K GROUND L = 2Asln t Lc (r, 0) r 2 sec 0 dA(19)

Figure 2-77. Ground burst - average ground

This integral is clearly attackable by standard
numerical methods. The lethal areas and single-

Vo

o .o .1
0 • 7r 0 7r

Figure 2-78. Fragment density Figure 2-80, Initial velocity
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shot probability are, in fact, now obtalinable where W is the weight of tfei fragmenting metal.
within three to four minutes via high-speed It follows, therefore, that once either n0 or mo
computing machincry procedures. Moreover, becomes fixed, the other constant is deter-
the ground-burst lehlal area under these con- mined. The two principal avenues of attack are
ditiuns is then also easily obtainable by a as follows: one may calhulatten obythelfollowing
procedure not involving numerical integration equation
at all. n10= c .1 I do , t/d o) -2/3 (22)

2-189. Lethali!y of Hypothetical Shell. So far,
lethality determination has been based on frag- where
mentation test 'data. It remains to discuss the 1 = length in calibers
procedure applicable to those cases where such do = outside diameter
data do not exist, such as the case where one t = wall thickness.
wishes to determine in what direction to move This equation is due to K. C. Cook. An alter-
when a choice of projectile designs is con- native is to compote mO fron)
sidered in the course of the investigation of a o =t5/3d2/3 2
series ol hypothetical shell. Here one may in, =-t (1 #. t/dd) (23)
consider a series of shell which differ, say, in
caliber, external geometry, filler fraction, filler where di is the inside diameter. Here. mo de-
composition, and wall thickness. In order to pends on the shell caliber and wall thickness,
obtain the lethal area and - for that matter with the constant being a function of filler and
the single shot probability and ground-burst metal compositions.
lethal area as well - it seems reasonable to
assume again that all fragments depart within The fragment density is then assumed to be
a side spray of specified angular width, as uniform over the entire side spray and the
the principal object of this assessment is a corn- initial fragment velocity will also be deter-
parison of the members of a series of hypo- mined theoretically, namely by the following
thetical shell to one another rather than to equation suggested by Gurney:
existing projectiles.

v -= c [,,/(l + :,!2)] 1/2 (24)
One then proceeds to assume that these frag-
ments are distributed with respect to mass Here a is the ratio of explosive charge and
according to equation mass of fragmenting metal.

(m/mo)I/K + In(n/no) = 0 (20) 2-190. Weapon Effectiveness. The lethality in-

dices obtained via equation (18) as function of

where Z (see figure 2-81) - with the values of all the
other parameters temporarily held constant -

are the cornerstone upon which the assess-
n_ is the number of fragments of mass ment of antipersonnel fragmentation weaponsgreater than i

athe thtan numb rests. So far, there has been secured an index
no is the total number of fragments significant only if the projectile arrives at its
mo is a constant, characteristic of the shell scheduled destination. However, a satisfactory

is a constant, indicative of break-up measure of effectiveness cannot be obtainedun-
dimensional~ity, less one accounts for the variovs types of

dispersion involved. Theseproblems are again
Equation (20) was devised by Professor N. F. handled more efficiently, by several orders of
Mott. It is known -to-occur in particle size magnitude, with the use of high-speed comput- -

gnalysis of crunching processes. Making the ing machinery. - -

assumption of two-dimensional fragnment break-
up, the constants no and m0 in equation (20) are While the lethal area constitutes the appropriate
related to the total mass of the fragmenting figure of merit in the case of large targets,

,metal by the following equation: such as men uniformly and randomly distributed
over a large sector, a different situation exists

W= no . 2 . mo (21) when fire against a small target, such as a
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welre PI(X - X,' y - Y*) is the prnba1b~iiy of
t he t.re T(x, y) being inc ajae it atetd by a
burst at Stx*, y*, z) andI tilt dist ributio J~une0C-
lionl " is indic'ative of aimlinlg and disperlsion;
then, with simplifying .assuniptions, onci may
approximnate

I'A(x - x*, y - y*) tx~dy* L (26)

bffvetiv,' treatt ment of the aboive ('XpJe'85101)fs

makes thIe uise of high sil'e'd comiput ineg ia -
clinet'ry a gaii i mperat iv e.

2-191, Weapon Systems Analysis. R~esults ob-
tained by the acethods of tlte two llrect-dillg

4ý sect ions are prerequisites for two types of
Z further invest igat ion, thlt first of which is

Figure! 2-81. L vecrsus Z antipersonnel wt'apon systemis analysi~s. Here
various criteria, related to effectivont'ss, cost,

glin emiplacem'ent, is required. Here. one wishes and so onl, may be chosv'n to effect system
to compute the single-shot probability, the de- optimization for typical tact iial situat ion,,. The
termination of which requires knowledge of second type of investigation is concteat analysis.
weapon accuracy, that is, of range dispersion
and of deflection dispersion. 2-192. Combat Aunal ji,;. InI contrast to tho

rst type of investigation, which deals %.ith
Another type of dispersion, namely fuze disý- a (in a certain sense) static' vase, one now
persion, needs to be introduced in order to ob- considers the dynamic case' of hypothetical
tain what might be called the expected let~hal engagemients onl specified terrain with either
area. This is the air-burst lethal area ro- actual or experimental weapon systems. The
duced to some new value by virtue of the fact methods of engagement outcome prediction will,
that, firstly, a certain fraction of the fuzes will once' more, re~quire integrating,- into them 'f -
fail to function altogether, and secondly, that fectiveness data on the weapon systems chosen,
when the fuzes do function the burst heights will and in particular, the antipersonnel weapon
be distributed in some minner about the mean systemis.
burst height. It is observed that the optimal
air-burst height is not the one read from figure Here, once more, the use of high-speed coin-
2 -81 but a value somewhat larger - by the v'ery puting machinery comes to the fore since the
natur .e of figure 2-81, which applies qualitively assessment, Iby stoc'hastic methods, of combat
to practically all shell - which is obtained by miodels deemed satisfai'torily realistic from
combining the L versus Z curve with the afore- the military point of viewv, presents problems
mentioned fuze data. of such c'omplexity that attempts to solv'e them

have, in fact, not been undertaken until re-
A further most important use is made of the cently.
lethality index in the analysis of area fire ef -
fectiveness. For example, to find the answer to CONTROLLED FRAGMENTATION
the question of how many shell of specified type
need be fir 'ed into a rectangle of dimensions 2-193. Pu!rpose of Controlled.Fragmnentation
a x b in order to cause a prescribed fraction of Shell. IIn uncontrolled fragmentation, thie range
incapacitations, one wishes to determine the of masses and velocities is very great. To
probability that a target is incapacitated by at secure niore effective fragments, it is desired
least one fragment within n rounds, that is to to solve for the optimum miass (dependingon the
say, evaluate lethality c'riteriia), and to doisigei a, shell thn't

in r(x, y) [I (xv, Y*) .would emit all fragments with this mass. Re-P0  - fer An reference 15 for' a discussion of initli-
P(x - x*, y - y*)dx*dv*] dx dy (25) ods for determining the optimnum mnass. lII
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this way, the probabilty of damnage is greatly ASSEMBLY OF GROOVED RING
in~creased, and It-he results (,an be estimated CONTROLLED FRAGMENTATION
more correctly. SHELL

2-i 94. Methods of ConitrolliingFragmientation.
The invii('I ds for cont rolling I rageit ialtionla 1 .LI E

I. Pre'formed fragnienti (with or withoutLIE
muat j ix)

2. Notched or grooved rings
3. Notched or g~rooved wire TOP FILLER-
4. Notched Casings
5. Multiple wills ~-RETAINER
0. Fluted lnr

Althoug~h ill of these methods cani be used (%n

experi mental shell with static firing, the fluted -
liner inethod and mull iph'-wall method are
most practical for artillery shell, because of
the presvinre of setback forces. All the methods
will be described in the paragraphs that follow.

2-195. Description of the Preformed Fragment
Method. In this method the fragments a~re made
of the desired size, and are theni incorporated
into the ,;hell wall. This van be done by placing
them within a plastic matrix, which forms the
shell wall, or by enclosing them 1between two
coiventric, thini-walled steel shells. Neither
of these mnethods can bt? utilized for artillery
shell at the present time, as there is not enough
strength to overcome setbac~k.

BOTTOM
2-196. Description of the Notched-Ring Method. - FILLER
In this method, notched rings are fitted over a
liner, which can bit plastic or thin metal. Fig-
ure 2-82 shows a typic? .semnbly of agrooved- PLUG--
ring* shell. It is assumed that in the frag~men-
tation control the liner has no noteworthy f rag-
ments. The factors that have to be considered
in shell of this sort are:

1. Quality of steel in rings
2. Spacing of the grooves
3. Groove depth
4. Width of rings
S. Liner
6. Length-to-diameter ratio
7. Rting finish.

A medium-carbon low-sulfur steel, heat treated Figure 2-82. Assenably of controlled
to a hardness of 95RB, is thought to be desir- fragmentation shlr'
able. However, no 'tests have been conducted
to show the effect of carbon content, sulfur The groove spacing can be determined from the
content, or hardness in the uniformity of frag- following formula.
ment weight. The steel should be sufficiently
hot-worked to break up segregated inclusions, G = .....-..... -(2 - a
and assure their uniform distribution. - -
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where 2-198. -Description of Notched Casings. Four

types of notched casings, listed below, have
G = number of groovc& per ring been tested for applicability to controlled frag-
R = outside radius of case, in inches mentation.
t = thickness of case, in inches 1. Cylinder, 4-in. 0. D., 1/4-in. wall, with
W = mean width between grooves, in inches 1/8-in, holes in diamond pattern, punched and
a = t/R (dimensionless) plugged; holes, 1/2 in. apart in row, rows
0I = Wit (dimensionless). 1/2 in. apart.

2. Cylinder, 3 1/2-in. 1. D., with linearly
The depth of the groove should be from 5 to 10 tapered steps cut on outside, steps 1/2 in. long.
percent of the ring thickness. Excessive groove 3. Cylinder, 4-in. 0. D., 1/4-in, wall, with
depth causes the fragments to break up. Pref- left-hand and right-hand helical grooves cut at
erably the grooves should have sharp bottoms, 15* to axis, and spaced 1/2 in. apart. Groove
although grooves with rounded bottoms pro- profile V-shaped, with included angle of 60*.
duced satisfactory fractures in some cases. 4. Cylinder, 4-in. 0. D., 1/4-in, wall, with

hexagonal pattern impressed by shearing.
The rings shoul' d have a ground or smooth lathe
finish. Sharp scratches in the surface should Each cylinder was approximately 12 inches
be avoided. long, and each was provided with brass end-

plates to increase the confinement of the ex-
The liner should be made of a material that plosion.
will produce no important fragments; It should
be kept as thin "s is consistent with practical Both the tapered cylinder and the one with
manufacture and considerations of strength. A grooves gave a great percentage of very small
thickness of 5 percent of its radius has been fragments. The cylinder with punched and
found satisfactory for laminated phenolic plastic plugged holes gave slight indication of control,
tubing. and only the hexagonal sheared pattern showed

an excellent degree of control.
In general, the width of the ring should be made
equal to the thickness; more details are not For more details, refer to reference 50. At
known. The length to diameter ratio of the case the present time the results mentioned in this
should not be less than 1 1/4 to 1. The desir- paragraph have not been applied further toany
able length is between 2 1/2 and 5 calibers, specific shell. Also, at present this method of

control is not applicable to artillery shell, be-
It has been shown that better fragmentation re- cause of setback.
sults can be obtained by inserting a soft porous 2-199. Multiple Walls. The multiple-wall shell
liner between the explosive and rings. This are made by using close-fitted cylinders, eachliner prevents the fragments from forming sliv- with thickness t/n, where t is the thickness of a
ers. one-wall shell and n is the number of walls.

The multiple-wall shell do not give complete
For more detailed information on controlled fragmentation control, however, for only the
fragmentation by grooved rings, refer to ref- thickness of the fragments is uniform. The
erences 51, 44, and 49. The grioved-ring number of fragments is approximately n times
method has been used in static firing testsonly. the number of fragments of a single-wall shell,
At the present time, this shell does not have where n is the number of walls. The partial
enough strength to overcome setback forces, contiol achieved, however, is an improvement,

2-197. Descripition of Notched-Wire Method because the average of fragment mass is re-
2-7 Dhduced and the number of fragments emitted is

In general, this method is similar to the inreased. However, the increase in lethaity
notched (grooved) rings, except that notched is much less than expected. See paragraph
wires, spiral-wrapped about the liner or war- 2-159.
head, are used. Notched wires are used when
" the ring thickness would be too thinfor econom- 2-200. Fluted Liners. With th.s method con-
ical manufacture. A detailed description of trol of fragment mass is achieved by shaping
notched wires can be found in reference 46. that part of the high-explosive charge which is

CONFIDENTIAL 2-109



CONFIDENTIAL
adjacent to the metal casing. A thin metal, immediately after tile aircraft is hit, as
paper, or plastic liner inserted within the cas- well as the time required to return to base
ing forms the pattern on the explosive surface after the five minutes have elapsed. Thus,
during filling. Projections on the liner are the "B Damage" assessments will always be
frequently long and triangular in section, form equal to or larger than "A Damage," but will
grooves in the explosive, and have been called never exceed 100. The sum of "A Damage"
flutes. The method is an application of the and "B Damage" may exceed 100.
Munroe effect in multiple since, on detonation, 3. "C Damage" is damage such that the
jets corresponding to each groove cut the cas- particular attack will not be successfully
ing. completed. It is possible to have "C Dam-

age" even tnough no "A Damage" or "B
Successful application of toe shaped charge de- Damage" exists. Thus, damage to the bomb
pends on several factors. The proper depth of release system, to controls that would affect
groove must be determin,:d, so that the op- the prosecution of the attack, and tu per-
timum depth of cut may be achieved. if the cut sonnel involved in the attack would be classed
is too deep, excessive erosion and chipping of as "C Damage." The assumption that the
the edges of the fragment will result. If the attack is 2 1/2 minutes away when the dam-
groove is not deep enough, then the jets will not, age is incurred is an important one when
cut deeply enough into the steel shell, and poor evaluating "C Damage."
f'agmentation control will result.

I NOTE

The spacing and overall pattern of the fluted
liner must be adjusted to the most suitable
combination for each size and type of shell. Tile word "Kill" is sometimes used in
A V-soap6d groove with an apex angle of about discussions and memoranda to denote an
750 gave the best results with the British 3-inch assessment of 100 under anyof.the three
U. P. shell. The height of the groove is usually categories of damage.
made equal to the wall thickness of the casing.
Fluted liners also have been used with the ring
methor! of controlling fragmentation. This b. When assessing any category of damage,
method gave a very good shape factor, but the it is assumed that the crew would remain with
efficiency of control was not too high. the aircraft and attempt to complete the entire

mission, even though "bailing out" woind be
AIRCRAFT DAMAGE the most likely procedure in actual warfa.'e.

c. It will be noted that the numbers used to
2-201. Aircraft Damage Evaluation. In order evaluate the various categories of damage are
to interpret the results of experimental firings described as probabilities and written as per-
against aircraft the following standards have centages. However, strictly speaking, this is
been set up: 3 8  

' not correct, since the damage suffered by the
a. "Damage" is divided into four categories aircraft (or engine) either will or will not

and assessed as follows: cause it to go out of control, assuming a set
1. "A Damage" is damage such that the of standard conditions under which the air-

aircraft will lall out of control within five craft (or engine) is operating. The assess-
minutes after darm'age occurs. "K Damage" ments between 0 and 100 therefore represent
denotes an aircraft that will fall out of con- the uncertainty of the assessor as to whether
trol immediately. "KK Damage" denotes an the damage would result in a kill, or not. But
aircraft that will disintegrate immediately if assessments are not biased, the expected
in the air (damage that would render a value of many such assessments on various
kamikaze attack ineffective), parts of the aircraft would be the correct value

2. "B Damage" is damage such that the "in the long run" that one should arrive at for
aircraft will fail to return to its base as a the vulnerability of the aircraft. The para-
result of the described damage. The distance meters of the error distribution can be esti-
of the base will be fixed for the particular mated if one has a large number of cases in
type of mission being assumed. This proba- which the same damage has been assessed by
bility will include the five-minute period different assessors.
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2-202. Types of Damage Assessed. To facili- Firings have been conducted in an effort to
tate the determination of the vulnerability of establish lethality criteria for each of these.
different components of the aircraft, damage is (See, references 37, 14, 13, 9, and 5.) These
assessed under three generaltypes: "Engines," firings are still under way at the time of
"Structures " and "Fuel System." writing.

1. "Engines will be that portionof atractor-
type reciprocating power plant, accessories, 2-204. Aircraft Vulnerability Studies. Knowl-
controls, engine mount and fairing forward of edge of the vulnerability of aircraft to various
the firewall; and that portion of a jet unit from types of shell would obviously be of great value
the air-intake to the tailpipe, inclusivc. Damage to the shell designer. Of still more value would
to oil cells/tanks, oil coolers/lines, propeller be lethality criteria by means of which this
anti-icing equipment, and engine control link- vulnerability could be computed. Studies of the
ages will be assessed under "Engines," even vulnerability of specific aircraft to specific shell
thl'ough the damage may occur in the "Strvc- have been carried out. 3 7 The results of these

S-tures". area. Damage to that portion of the firings can logically be applied to other air-
"Fuel System" in the engine area will be craft of similar construction, but there is no
assessed under "Engines," and also under"Fuel way to apply them to shell which differ from
System." those that were tested in the original firings.

2. "Structures" will be all parts. of the air- Controlled fragmentation firings have beencon-
craft except the engine(s) and controls, engine ducted against B-25 aircraft in order to obtain
accessories and controls, and the "Fuel Sys- data from which criteria for the lethality of
teni"; and will include the aircraft structure, fragments from airburst shell could be de-

Ssurface control cables, armor, armament, land- termined. (See references 5, 9, 13, and 14.)
ing gear and actuating linkage, pyrotechnics, Curves for the probabilities of damage to en-
oxygen equipment, electronic equipment, and gincz: and to fuel were developed. These curves
dummy personnel.. On aircraft where the land- are of the form P = 1 - (a i- bx)-I where x =
ing gear has been extefided, all projectiles and (MV 2 ) I/C;
fragments that pass through that part of the P is the probability of A damage;
aircraft where the wheels and actuating linkage a, b, and c are constants; M is fragment mass;
would have been shall be assumed to have and V is fragment velocity. Using these curves,
struck that component. An approximation shall the damage probabilities for two service shell

were computed. The results were compared
be given for probable damage (based onvelocity to results obtained from actual firings of these
of the missile and extent of damage actually shell against B-25 aircraft. The results indi-
done). Naturally, if a missile has been assumed cated that data from controlled fragmentation
to have punctured a tire, or otherwise damaged firings can be used to determine the lethality
a landing gear that was not retracted, no des- of service shell. The data thus far obtained
cription or assessment for the damage that have limited applicability, since they were

3.ctually occurred can be given, conducted under the following conditions:
3. F Sstem" will be alfuelcells/tanks, 1. B-25 aircraft only

selector valves, transfer and booster pumps, 2. Sea level conditions only
strainers, hoses, lines, and fittings. Damageto 3. Fuel and engine damage only
any portion of the "Fuel System" that would 4. Danage functions obtained for "forward,"
cause daniage to an engine shall be assossed "fore above," and "aft above" directionsunder "Fuel System," and alsounder "Engines." only.

2-203. Aircraft Vulnerability. Aircraft may be Investigations along these lines are still under

kept from accomplishing their mission by dam- way, and useful results may be expected.

age to any of the following:
1. Fuel 2-205. Fuel Damage, A steeT fragment, when
2. Engines it pierces the skin or other structural corn-
3. Structures ponents of an aircraft, usually will cause a
4. Personnel. flash hot enough to ignite fuel. When the

The probability of obtaining a kill on an air- fragment penetrates a fuel cell at a point below
craft as a whole is the prodi, :'t of the probability the fuel level, it may cause one or more
of obtaining a kill on any the components. spurts of gasoline to issue from the ar in
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the tank. Depending upon the self-sealing qual- 2-206. Fuel Tank Vulnerability.
ities of the tank and the size of the rip made
by the fragment, the flow of fuel may be con- a. Self-sealing tanks. At sea level, self-
tinued after the initial spurts. If the following sealing tanks are, in general, vulnerable (that
conditions are satisfied, a fire may. be started is, fires may be caused) either to fragments
and sustained, with a minimum mass of 100 grains or a

a. Conditions for starting fuel fire, minimum velocity of 3,000 fps. Atthe minimum
1. Fragment must cause flash when pen- mass, the fragment velocity must be well above

etrating metal structure, the minimum in order to cause a fire. The
2. Fragment must cause spurt when fuel converse of this is also true.

cell is penetrated.
3. The flash and spurt must meet, thatis, b. Nonsealing tanks. At sea level, the mini-

the distance between the structure and the mum fragment mass required to cause a fuel
fuel cell must not be excessive, fire is limited only by the ability to penetrate

4. The spurt must not be "heavy" enough both structure and fuel tank -probably less
to smother the flash, than 30 grains. The minimum fragment vel-

5. Sufficient air for combustion must be ocity is 2,000 fps.
present.
b. Conditions for sustaining fuel fire. 2-207. Defenses Agains, Fuel Fires. The fol-

l. A sufficient air flow must take place. lowing passive defenses may be taken against
2. The air must be dense enough to sup- fires, and should be considered in design of

port combustion (at extremely high altitudes ammunition.
a fire cannot be sustained), a. The use of sell-sealing fuel cells.

3. The rip in the fuel cell must be large b. Using plastic foam or other inert material
enough to prevent self-sealing. to fill the space between structure and cell.

4. The fire must be internal; external c. Filling the space between structure and
fires* will be blown out by the slipstream, cell with an inert gas.
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KINETIC ENERGY AMMUNITION FOR THE DEFEAT OF ARMOR

DESCRIPTION

2-208. Types of Projectiles. Figures 2-83 and
2-84 illustrate the various types of kinetic
energy ammunition used for the defeat of armor.

2-209. Armor-Piercing (AP). The simplest WINDSHIELDtype of projectile is the solid shot illustrated ARMOR 'PIERCING SHOT (AP)
in figure 2-83a. This type of projectile consists
merely of a decrementally hardened solid piece
of high-carbon through-hardening alloy with an
ogival nose. Truncated-nosed shot, with and FUSE ARMOR PIERCING CAP
without tips, have been made experimental1l but FUSE

are not in tactical use. A die-cast aluminu*11
windshield (false ogive, ballistic cap) is epoxy-

resin bonded to the nose of the shot in order to
obtain the necessary exterior ballistic charac-
teristics. ,Welding and crimping have also been
used to bond the windshield to the projectile.) CAPPED ARMOR PIERCING PROJECTILE WINDSHIELD
This type of projectile is known as an armor- (APC)
piercing shot or monobloc shot. The nose of
the projectile must have sufficient strength io
withstand the stresses developed on impact
and during penetration. It must be hard enough
to resist deformation, yet be tough enough to
prevent cracking or shattering. The body must
be of rvifficient strength to withstand bending
stresses.

2-210. Armor-Piercing, Capped (APC). This
type of projectile (figure 2-83b) was designed HYPER-VELOCITY ARMOR PIERCING PROJECTILE
to prevent premature breakup of the projectile (HVAP)
when used against face-hardened and homo-
geneous armor at low and intermediate obliqui-
ties. An armor-piercing cap, made of forged • /j= -
alloy steel decrementally hardened to give a
very hard face with a tough and relatively soft
core in contact with the projectile, was soldered
or crimped to the nose of the projectile. This
cap was intended to break up when the pro-
jectile struck the plate, thereoy absorbing the SQUEEZE BORE PROJECTILE
initial shock of impact. Figure 2-R3. Kinetic cnergv projectiles

(AP, APC, HVAP, squeeze-bore)
2-211. Hyper-Velocity Armor-Piercing (HVAP).
In an effort to obtain higher velocities from ex- than tungsten carbide have been tested,1 7 but
isting artillery, the hyper-velocity armor- none has been found suitable), within a light-
piercing or composite rigid projectile (figure weight carrier, usually aluminum. An armor-
2-83c) was developed. This type consists of a piercing cap similar to that used on APC am-
core of an extremely hard high-density ma- munition may be placed on the core. The use
terial, usually tungsten carbide (materialsother of this lighter projectile 'enables velocities
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above 34,500 fits (hypervelocitecs) to be obtained teristics, and this subealiber assembly is
without exceeding the allowable pressures of plaved inside a full-caliber carrier. This cair-
artillery designed for lower muzzle velocities rieir is so designed that it will impixit velocity
anid heavier- projecti les. The carrier does not and spini to the subealibor projectilf, but will
assist miaterially tin penetrat inly the targct be discarded as it loaves the gun, thus asllow-
plate, since it breaks up compilletely 01r vapor - ing the subcaliber projectile to continue toward
izes when it flits, leaving thie core to do the the target unimpeded by the( carrier, or sabot.
daimage to thle target. Because of the conipara- The, s:tbl~o, usually mande of aluminum, nmg-
tively low rattio of mass to c ioss-sO('tioiial areai iesium-zir('onium alloy, or plastic, may be
of this typ~e of projectile, the rate Of loss of released front thle. subprojeetile by n device
velocity (slope o1 thme remaining velocity curv'e) actuated by s~etback, propellaint-gas pressure,
is rather- high. Cost is frontoi 7 it) 10 times that or centrifugal force. The actual separati )it of
of AP shot of f il same caliber. lieeamuse of th'le the( sabot fromt the subprojectile is avecon-
developme'nt of IiVA1PDS shot, IIVAP shot is puished mainly by centrifugal forco, air rest:,-
obsolescent at present. tanee, or both. The sabot, because of its poor

2-21. Sirtd Polotile; Te tperd-brt, ballistic shape and its low mass, loses velocity
2-21. Sirtd Poi~tilo. Te tlmeed-ore rapidly and leatVes thle subprojectilefreeshortly

gun, firing a skirted provectilh' (figure 2 -113d) atri eve legn
offers a means for the ittainnient of hyper- atri evsli'gn
velocily w:thout exceeding currently existing
limits onl PowdC'i-as5 pressures and temipera-
tures. It produves this hyperveloc ity by driving
a4. light projectile of small diamieter with the(
same force :is that aipplied by the powder gas
to the base of aI standard projectile. The coni- .SABOT SU . PROJECTILE

binat ion of tatperel-bore gun and skirted pro-
jectile p)ossesse's ani appreciablelt advantage over
the composite, rigid a rrangineiviti tlmit thatieA
cross-sect ionmit area of the( projectile is dinlims-
ishedt (with thle samet penctrator) and the drag,
coefficient is tt~ert-by reduced. SABOT POT TYPE

RING -- . PETAL

Thle original experimentation was cotcerned APSSm~__ f -S BT

with thle developmevnt of a grun witn a taperedOR
bore. However, the production of these wa..s
impracetical, and a standard barrel gunl, With a
tUpered adapter .stt he,.d by a sc'rew thread ito U PRb6jEC TLE

the end of the muzzle, was used. This addi- DISCARDING PEIAL TYE SAO

tional length of tube also resulted in an1 In- .ýPEIAL

crease in imuzzile velocity. 1CORE

Because of the( use of the tapered bore or
adapter, standard HE ;)hell cinnot be fired>
fromt a gun made to use, a skirted projectile, at SUB-P JPROJECTL

least nut without removing thet adapter, a dis- HILTAINED FETAL TYPL
agreeable procedure under combat conditions. -SABOT
As a result the( skirted projectile has not re-_______
ceivod serious Consideration of Late.

2-213. Hvlýrvelocjty arnmor-Pi(ýeiingDisca.rd ______

ingr Sabot Ammiunit ion (IIVAPDlS)j. Velocities illOn18 ETL
the 4,8300 fps range have been obtained with AL- LSTCTP
hypervolocity armor-piercing discarding sabot ALPAlCTP

ammunition. In this type of projectile (figure HYPER'VELOCITY ARMOR PIERCING FIN SlABILIZED

2-84) a carbide core, either capped or on- L)iSCARDING SABOT, Will CARTRIDGE CASE (HVAIIFSDS)

capped, is plhace'd inside a steel er light -alloy Figure 21-84. Sinetic energy pr-ojectiles
sheath to give good exterior ballistic charac- (11-'APDS)
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a. Method of lmpartinalRotation. Basically, and its discard, are achieved by the fragmen-

rotation is imparted to the subprojeetile by the ration ot the plastic carrier. This fragmenta-
frictional force between the bubpl'ojectile and tion is caused by the stresses resulting from
carrier during the acceleration in the gun. vcntrilue.ol forces.
Further insurance of proper rotation may be

obtained by using knurls at the rear of the sub- In the front-rlease types and rear-rilease
projectile which, upon setback, engrave into the types described abovw, actual discard of the
carrier; or by pils which transmit the rota- carrier from the subprojeetile is caused by
tion from the carrier to the subprojec'tile. Fre- air drag, which slows down the salxat faster
quently tie subprojectile is seated on a tapered than the subproj.ctiit.
surface in the carrier. This does not niateri- c. Exterior Ballistics of Sabot. From a
ally assist in imparting rotation but does serve safety viewipoint it is nceessarythat the lethal-
to distribute the setback stresses more uni- ity of the sabot or its fragments be minimized.
fornily throughout the carrier. (See figure This is dlone -iii two ways: either assuring that
2-84b.) the sabot will break up into mary small, low-

b. Method of Rteleasin| and Diseardn,. Car - energy fragments, which rapidly loose velocity,
rier. Three general forms of release michia- or by designing to minimize the number of
nisms have beenu used to ensure adequate and secondary fragnments detachlingthenmselvcsfrom
intact handling before firing, and proper func- the sabot. The first is accomplished by the
tioning alter firing. These methods are the all-plastic -sabot, and the second by the re-
front-release, rear-release, and sabot frag- tained-petal type. The discarding-p.'tal type
mentation mechanisms. Front-release mecha- is dangerous because of the high kinetic energy
nismns are classified into two types, the re-- of the detached petals; this type is no longer
tained-petal and the discardisig-petal types. being considered.
The former acts much like a spring collet in a
lathe; tile individual petals, which hinge at the 2-214. Armor-Piercing. Discarding Salx Fin-
root, bend at the hinge under the action of Stabilized Shot (tIVAFSDS). 1 In order to reac
centrifugal horces and release the subprojec- velocities in the 5,000-6,000 fps range, a dis-
tile. (Sve ligure 2-84c.) The discarding-petal carding sabot, fin-stabilized projectile of the
type operates by the action of setback-induced AP variety has been developed. This H1VAP-
shear forces oni a narrow shca| surface attach- FSDS shot consists of a solid steel shaft, ap-
ing the petals to the sabot ring asscnmbly (fig- proximately 7 to 10 calibers in length, with
ure 2-84b). conventional ogive; the bore to subcallber ratio

is about 2.25. The projectile employs a four-
The rear-rcleas, mechanisnm ; are ordinarily segment steel discarding sabot, four-bladed
dependent upon the trace.r attached to the sub- aluminum tail, 9nd aluminum, needle-nosed
projectile ]or retention in the sabot before windshield. Launching is accomplished from a
firing. This tracer is usually provided with smooth-bore barrel. Because of the extremely
some form of lip to which thie movable parts of high muzzle velocities involved, the HVAPFSDS
the release mechamsni are attached. During can outperform AP, HVAP, and HVAPDS ani-
firing, some of the force available, in the form munition of comparable caliber. Cost is ap-
of setback, gas pressure, or centrifugal force, proximately double that for conventional AP
detaches these movable parts (quarter shoes, shot, but only one-filth that for an HVAPDS
diaphragms, spiders, etc.), and leaves the sub- round. Despite its exceedingly long length, the
projectile free in the sabot. In the example projectile is relatively elficient. At present
given in figure 2-84a, the tracer, fastened it is still in the developmental stage.
to the subprojectile rear sheath, butts ,.ainst
the fingers of the steel spider; the assembly is ARMOR PLATE; FAILURE
made tight by screwing down the tracer against
the spider. During firing the spider fingers are 2-215. Armor Classification. The following
thrown outward, both by the setback ring and by classifications are those most commonly used
centrifugal force, leaving the subprojectile free. by the ordnance departments of the United

States and Great Britain. In gener;1 1, the com-
In the plastic sabot design (figure 2-84d), the mon classifications refer to the hardness of
release of the sabot from the subprojectile, plates, and distinguish between face-hardened

CONFIDENTIAL 2-119



CONFIDENTIAL
and homogeneous types. Plates may be wrought as "Machinable Quality (MQ)." The U. S. Army
or cast, with preference usually given the first uses hard honmogeiteous plate for some appli-
type unless complicated shapes are required, cations. At present it is used primarily for

aircraft.
2-216. Face--Hardened Armor. This class in-
cludes all armor which has a hard fact, com-
bined with a softe" back. The U. S. Navy 2-218. Types of Armor Plate Failure. When a
designates face-hardened plate as "Class A" nondeforming projectile perforates armor plate
armor, but this term is usually restricted to at normal incidence, the plate material must be
plate mnre than 1 1/4 inche.,, thick. For light removed in either of two ways: (1) by plastic
plate, the term "face-hardened bullet proof flow, in which the metal is displaced axially
(FHBP)" is sometimes used. (parallel to the direction of motion of t..e pro-

Method of Production. The hard face 'any jectile), and radially (perpendicular to the di-
be produced by carburizing, in which case it is rection of motion of tho projectile), most of the
called cemented armor (British CTA, Cemented material remaining in one piece and with only
Tank Armor), or by decremental hardening, minor armor fragments being broken off; or
indicated by the term "noneenmented armor." (2) by driving or shearing out a comparatively
Armor which has been both carburized and undistorted piece of the plate. A plate failure
decrementally hardened is sometimes desig- which is primarily of type (1) is termed due-
nated as Krupp armor. tile, while those of type (2) are referred to as

Function. The function of the hard face is to plugging.
break up the attacking missile, while the softer,
tougher back is designed to prevent the plate
from cracking or spalling. If it performs this 2-219. Ductile Failure - Petailing. (See figure
function, this type of armor is generally su- 2-85.) When a hard armor-piercing projectile
perior to other types of armor in its resistý strikos a relatively soft plate whose thickness
ance to perforation. It is the most difficult is equal to or slightly greater. than the caliber
to manufacture and consequently the most ex- of the projectile, the first effect is a plastic
pensive, deformation of the plate surface in both axial

and radial directions. The material, flowing
2-217. Homogeneous Armor. As the name im- tangentially away from the projectile, gives
plies, this class of armor has the same hard- rise to front petalling. The axial flow causes a
ness and composition throughout. This type is bulge, on the front surface of "he plate, sur-
designated by the U. S. Navy as "Class B" rounding the point of impact. The material in
armor but, as in the case of Class A armor, this bulge is under compression radially but
the term is usually applied only to plate more under tension tangentially. 11 the tangential
than 1 1/4 inches thick. Class B armor, speci- tension exceeds Lhe tensile strength of the
fled by the U. S. Navy Bureau of Ships for ship plate material, radial cracks develop in the
structures, is known as "Special Treatment bulge, the portion of the plate in contact with
Steel (STS)." The British equivalent of Class B the projectile is bent away from the axis of the
armor is designated "NC," meaning non- projectile, and front petailing results. If the
cemented. plate is hard and not sufficiently ductile, these

Tpes of Homogeneous Armor. At times a petals may break off, while on a more ductile
distinction is made, particularly by the Drit- plate they remain attached to the edge. As the
ish, between homogeneous hard plate and homo- projectile continues to penetrate the plate a
geneous soft plate. Homogeneous hard plate bulge develops on the back surface, followed by
usually has a BHN (Brinell hardness number) the development of star cracks. As the pro-
between 400 and 475 and, like face-hardened jectile passes through the back of the plate,
armor, can be machined only with specialtools. petals are formed. In perfectly ductile pene-
As a rule it is uied only for light arni-or and tration, the petals remain attached. The "wip-
may then be called "Bullet Proof (1P)." Homo- ing off" of the petals is the first indication of a
geneous soft armor commonly ha:; a BHN be- tendency to brittle failure. The energy re-
tween 200 and 350 and usually decreases in quired for ductile penetration varies approxi-
hardnesn with increase in the thickness of the mately as d2 t, where d is projectile diameter
plate. This type is referred to by the British and t is plate thickness.
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A' tines a complete circular disk, or button,
having a diameter greater than that of the pro-
jectile, is thrown off as a unit from the back of
the plate. More often, however, star-shaped
cracks are developed and petals formed before
the disk is removed. It should be noted that
this type of failure may also result from lami-
nated armor plate, that is, armor plate which
hais built-in planes of weakness parallel to the
direction of rolling. It is important when eval-
uating a projectile to be sure that any spalling

BEGINNING OF FORMATION OF FACE PETALS failure that results is not caused by a defective

target plate.

SEPARATION
-- - -~ --- -INTO LAYER

FACE PETALS FULLY FORMED. BEGINNING OF BACK BULGE INITIAL STAGE OF SPALLING, SHOWING BEGINNING

OF SEPARATION OF LAYERS

FORMATION OF BACK PETALS. COMMENCING WITH
A STAR CRACK AROUND POINT OF SHOT

INTERMEDIATE STAGE OF SPALLING: SPALL FULLY
Figure 2-85. Attack at normal -from SEPARATED FROM PLATE EXCEPT AT EXTREME EDGE

"Atrmour for Fighting Vehicles"

2-220. SpalliM. In general, spalling (figure
2-86) refers to the removal of plate material
from the front or the back face, leaving a hole
somewhat larger than the diameter of the pro-
jectile. It may consist of any one of the follow- ROUGH
ing types, or a combination of them, such as PORTION
(1) the detachment of petals, (2) the removal of FAILED IN TENSION • f JBURNISHED,,'• ] _,r-(SURFACE
a thin circular disk, or flake, from the back SMOOTH PORTION _ ONCAVE

face, or (3) the ejection of a roughly conical FAILED IN SHEAR ONCAVE
EDGE

section causing a gradual increase in the size
of the hole toward the rear (usually called FINAL STAGE OF SPALLING: SPALL THROWN FREE OF

plugging). Spalling is apparently initiated by PLATE, INTERNAL PETALS NEARLY COMPLETED

shearing stresses,. which cause slipping be- Figure 2-86. Stages in the formation of back
tween adjacent layers of the plate material. spalls -from "Armour for Fighting Vehicles"
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2-221. l._jl inX.: In this tyI , (if folhltri' (figur'e
2-87), pug llof aIlprotxiniahtly cylinIdrical a see -
lion is p•r ml'u'd out o l he phate aivead of the
atthaking missilh. It i:; thicker thani :a disk anl
has a diameter which varies from ahnmt on('-
third the diametr of the missile to its full
diameter. like disking, tht, likelihood of plug
formation inertases with tie(, ha 'dnt'ss of the
plate. As the hardn'ss is increa:;d, thl, p,'o-
fertile has more and more dificulty itj piislhinj.
the plate material aside and there is grater
tendency to push it ftorwauld Tiis cri ales
shearing stresses in front of thci projectile.
Under the influence of these str'sses, 1the tdi'-
formation suddenly chang. , hroti one of the li
plastic type, over a con..iderable vohluni, to-
one that is confined to a very iliarrow reglionh PLATE
surrounding a surface of mwxiniuni shear rATE
stress. Initially, shearing is not vonfintd to FAILURE

this surface, but i, merely greatest at this S /
surface. The deformation, however, takes place SHA
at such a rapid rate that little heat condluciion I
can take place. A- a result a considerabh, -
temperature rise occurs at the surface, whete
shear stress and the resulting strain js at a Figui -2-87. Plat'Jnihir,' in shear
nmaximum. It is estimated that for a mean
shearing stress of 100,000 psi, ther, is a tern- anisin, if the projectile is relatively sharp-
perature rise of 200'C per unit of shear strain, nosed and remains intact. If it shatters, plug-
This increased temperature reduces the stress ging may also take place. Relatively sharp-
required for deformation and thus facilitates nosed shot arc most effective, and the resist-
further deformation. Once started, the process anee of the armor increases! as its hardness
is unstable, so that the plug merely slips out increases, up to a point where btittle failures
of the plate. With plate ot moderate hardness set in. When the t/d ratio is less than one
there is usually some ductile penetration be- (armor undermatches projectile), the penetra-
fore the state of shear instability is reached; tion tends to be effected by the punching or
in fact, the first indication of such instability shearing out of a plug of armor in front of the
is usually a "wiping off" of the petals from the shot. Relatively blunt-nosed shot are most ef-
back face. As the hardness is increased, the fective under this condition of attack. Plugging
unstable condition is reached at an earlier is more likely to occur for very hard armor
stage and less ductile penetration occurs. Even than for armor of conventional hardness. Thin
though the initial resisting force is larger for plate failure, however, is not restricted to
the harder plate, this may be more than offset plugging, since sharp-nosed projectiles may
by the shorter time required t l rcuavh the ion- produce the ductile type. The effect of the t/d
dition of unstable shear. The energy required ratio can be explained as follows. The energy
fur a shearing type of penetration is appr(oxi- required for (luctile penetration (ED) is pro-
mately proportional to dt2 , where d is pro- portional to d3(AI) while the energy for a plug-
jectile diameter and t is plate thickness.

ging type of penetration (Er) is proportional
2-222. t/d Ratio. 1 5 An important considera- to d3(t)2. The ratio of ED to E is and
tion in determining the type ,of penetration is d D is

tthe ratio of thv, armor thickness to flthc pro- Ep ED

jectile diameter (the t/d or e.*d ratio). When P d D

the t/d ratio is g,'-,ater than one, (arnir oiver- II we now assume that penetration will occur
matches the projctila,), thel pi'n,,tration ft-nds by the mnod' requiring the least energy, it may
to be effected by a ductile ptisthil.-aside, inmcch- bet seen that for -less than one a plugging type

d
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of penetration would be expected, whilh for val- plate, and at the worst the sotle damnage may br

ues of t/d greater than one, the penetration a negligible shallow t.rater. A shattered prie-
would tend to be ductile. jectile will require onsideroably more enirgy

to pentrate, at low and internmedliate obhiqu|-

2-223. Cracking. In general, a plate fails ties, than one which remains intact, except

locally at the point of impact and is pernma- against uuderniatching plate ait high liutly.

nently deformed only over a limited region.
Occasionally, however, brittle fracture causes 2-226. Shatter. The shattor ol a shot usually

damage to the entire plate; cracks origiviat, on begins with collal)se of the neste and the break-
the inner face opposite the point of impact and ing up of the ".hot into small pieces. 1I the shtu

propagate to the edges of the plate, thus sepa- shatters when the pi-nttration is alinost corn-

rating it into severail large pieces. This is a plete, the fragments may break through and

result of improper heat treatment of the armor complete the perforation. This is councted as a

plate. success, since the shower of fragments may be
more damiaging than a single shot. If the shot,

2-224. Plate Vibrations. Theories on plate particularly the tun4gsten carbide cores used in

vibrations claim that immediately upon impact hypervelocit) projectiles, can be so designed

a pressure pulse originates at the nose of the that the nose will hold together whl n the body

projectile and is proj.tgat ed through the armor, shatters, the chances of successful' perf oration
in the form of a compression wave, with a are greatly improved. The use of -an armor-
velocity exceeding that of the projectile. BIe- piercing cap reduces the peak inertial (set-

cause of the multiple reflections of this wave forward) pressures on the nose of the shot in
from the faces of the plate, the region near the the early stages of penetration, and thus helps
projectile is assumed to be in a state of steady prevent the shatter of the ogive section of the

plastic flow. As the force of the projectile on projectile. The phenom'cr.on of shatter is not
the plate is maintained, the plate tends to move yet fully understood and it produces difficult
forward as a whole. If it were perfectly rigid, problems for the designer.
the entire plate would move forward as a whole.
Actually, the portions of the plate near the pro- 2-227. Effect of Velocity. The behavior, of a

jectile will be displaced more than those fur- given type of shot can be usefully represented
ther away. The result is a transverse wave by a phase diagram which relates the success

which travels radially outward from the point or failure of the shot at a constant angle of

of impact. In the region beyond the plastic attack with the variables striking velocity and

flow, this wave consists mainly of an elastic plate thickness. Figure 2-88 shows- a hypo-
distortion. Thus the motion of the projectile thetical phase diagram which may be used to
may be considered to take place in two ways: illustrate the possible modes of behavior of a

first, by penetration into the plate; and second, shot. It is used merely for illustration; many
by displacement, together with adjacent plate variations of it are possible in .practice. It

material, due to elastic distortion. The effect shows that for a given thickness, marked by the
of the elastic distortion is to absorb part of line XY, it is possible, as the velocity is in-
the kinetic energy of the projectile. This leads creased, to pass successively through phases

to an increase in the total energy'required for of (1) failure due to low velocity, (2) success
perforation, with the projectile remaining intact, (3) suc-

cess with shatter, (4) failure with shatter, (5)
FAILURE TO PENETRATE high velocity success with shatter. It maybe

seen that increase of striking velocity does

2-225. Reasons for Failure to Penetrate. Fail- not necessarily increase the chance of suc-
ure of AP shot to penetrate, when fired at a cess, and that optimum values of striking

plate, is usually caused either by lack of suf- velocity may'exist. -

ficient hardness, insufficient kinetic energy, by
ricocheting, or by shatter. If the shot has in- 2-228. Effect of Obliquity. The obliquity of a

sufficient velocity it will achieve some inter- plate or the angle of attack of a projectile is

mediate degree of penetration and then may defined as the angle between the tangent to the
rebound from the plate. If the shot shatters it line of flight of the projectile and the normal

may or may not succeed in perforating the to the plate at the point of impact. As the
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i F (rebounid) F (shatter)

to

WS (shatter)
X A

*LX

,7 ./, 7/ / / //

(STRIKING VELOCITY) v
Fiue2-88. Phase diagram for rep pestentat i'e AP shot (F =failure, S * success,

uH. V.S. = high-velocity success)

obliquity increases from 0° to 20* little change continues to do so until the body of the projec-, in the mode of penetration is noticed. Up to tile, now partly through the plate, impinges

20* plugs or disks and other fractures occur abruptly against the wall of the cavity. At this
as for normal attack, though it is observed that point the shot may fracture as a result of the• ~the axis of the hole makes an angle with the tensile bending stresses. t

normal oý about one-hall the angle of attack.
At 30 marked differences in the mode of pene- 2-230. Ricochet. At still higher angles of at-
tratlon are noticed. These have an important tack there is an increased tendency for the shot

bearing on shot design. Only the normal com- to ricochet, leaving behind it, on thick plate,
ponent of the kinetic energy appears to be op- a groove called a scoop. The behavior at highS~erative, so that the striking energy Is effec- obliquity depends greatly upon the nose shape;

tively reduced by the factor cosine o. Plugs shot with pointed noses are more easily de-
that are detached are approximately elliptical flected than blunt headed shot. A truncated
in shape with the minor axis equal to the di- ogival nose for AP shot is being considered

ameter of the projectile and the major axis and a double-angle nose for the tungsten car-
equal to this diameter times the secant of the bide cores used in hypervelocity projectiles is

' ~angle of attack. in use.

2-229. Bending Stresses Due to Obliquity. At PREDICTION OF EFFECT (PENETRATION
oblique angle of attack the projectile is sub- FORMULAS)S~jetted to" severe bending stresses which are of

great importance to the designer. At impact 2-231. Spcific Limit Energy. 16 It is often
the plate reaction tends to turn the shot away convenient to discuss the perforation of armor
from the normal; as the plgbegins t shear, plate in terms of the "specific limit energy,"
theo plate nrenac astion plug beisto 2har 3lt ntr so h spcfclm teeg,
the plate reaction weakens, and the thrust on whirh is defined by the expression WVI 2/d3
the opposite side of the nose increases. The where W is the weight of the projectile; d is

shot begins to rotate toward the normal, and the diameter of the projectile, that is, the
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caliber; and V1 is the ballistic limit. Experi- 2-233. Penetration Fornmula by_ !)Marre and
mental results may be described by formulas by Thoipwn.-6) -It hlis-becn found that most

expressing WVI'2/d 3 as a function of eid and., observations on armor perforation in which the
where e is plate thickness, e/d is plate thick- prejectiles ar- not severely deformed can be
ness in calibers, and 0 is obliquity. represented fairly well at obliquities near the

normal by a relation of the form:

When WVI2id3 is plotted against e/d, the re-
suits for a particular combination of projectile Wl2 [d ns--- It
and plate material and a particular angle 0 will
be found to lie along a curve or band, the width d3 h h e

of the band representing the scatter of the re- where R is determined chiefly by the strength

sults. For a different angle !: a different band of the plate material and n has a value between

will be found. The advantage of such a choice 1 and 2. If n is given the value 1.5 the LDeMarre

of variabhi's is that it reduces the results ob- formula, in use by the Army Ordnancte Depart-

tained with all sizes of projectiles to a common enthily result. The value homo I ives etes-
basis. Te fact that this procedur is possibleexten-
without much error means that there.is little sively by the Navy Bureau of Ordnance. Neither
w t of these forms fits the observations over a
"scale effect" in armor perforation. However, very wide range without changing R. In fact,

the scale effect, while small, is real and is in
the direction of decreasing WV 1

2 /d 3 with in- for a given projectile and plate material, the

creasing d. behavior cannot be. represented over extreme
ranges of V1 and t/d by, any one set of values
of R and n.

2-232. The General Penetration Formula. Ex- R may snmctinies be expressed as a function
cept for minor corrections, all current per- of the t/d ratio by the following i-mation:
foration formulas have the following general
form: "oglo R = a + b

d3 .(t a .. ,I S °'. where a and b are constant for a given projec-

/' tile at d specified obliquity.
where

where p t m2-234. Ballistic Limit. The ballistic limit isused to evaluate the performance of armor
V) = limit velocity plate or armor-piercing projectiles. Ballistic
d = maximum projectile diameter, limit is loosely defined as "that velocity at
t = pane thinckeness owhich a given type of projectile will perforate

1 = anglens of incidence m biitei a given thickness and type of armor plate at
= density of plate m.aterial a specified obliquity." In actual firings it is

:2 =density of projectile material found (1) that it is not-feasible to control pro-S1  = dimensions specifying projectile jectile velocity extremely closely, and (2)that
shape for a series of projectiles fired at an appro-

a o01 - measures of strength of plate ma- priate constant velocity some of the projectiles
terial

= general function of the quantities will completely penetrate (perforate) the plate

on which limit energy may de- and the remainder will not. This gives rise to

pend. a zone of mixed results, which may-be defined
This equation is based upon conformity to the as "that range of velocit ies in which both comn-

principle of similitude, and expresses the limit plete penetrations and partial penetrations are
- obtained."

velocity as a function of all the ballistic par-

ameters necessary to fully specify the impact. 2-235. Definition of Perforation. Three defi-
Tht simpler equations are derived from the nitions of complete penetration are commonly
basic one by making assumptions as to the be- used in this country. In order for a ballistic
havior of several of the parameters, or by limit to have meaning, it is necessary that the
limiting the conditions in order to eliminate definition used be specified. These definitions
dependence on several of the parameters. are:
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1. Arl.ny - A compl etIh e pet ,lnetratli'on is -any la li-,v a ntlnih(Is of[ ths,,rv-at i• t.s oil' becausi, of

penetration Ihrough which at leasl a pinhole ol Ille Ititl t area ol a slnalz'get plate.
light or #he proiJectilc may be st,vin fronm tie 2-238. Approxima~tion of Ballistic limit. As a
rear of the plat,. resttlt of lith i lp ract ic;tl lity of mankinlg a I argl

L 2. Navy - A complete penetration is ob-tained when the p riojt ctilc or a m ajor pi rtion nt ihce r tf dhecrve.l int , ot f s Ia p 'r'xi fOmun

of tie projectih,- passes through tiht plate. licclsiry ti 13 l m irthI of theser methods
3. 'Protection - A conlphete penetration i dt blow. t limit. Sttl t ih

follhow. It will be nott'd that aill of thl. methods
obtaiwd whenever a fragment or fragnments ofc~thi rtli'imac i igpr] i't ii 0!t~' 1 t ' re prese'nt ed are used Iii a ppro inmate the nii'diat'
eithedr onti imptcting projfcthe pt th p ut - or V-50 point thhe v,'Iity at which thevre ise jected fro m th e re a r o f tl e, p la t e w ith su f- e u l p o a i i y o o p ~ v p n i r t o r o
ficient energy to perforate a thin mild-steel eincompr~ hilitv y of co inph i'tc nMie nt ratl i n or of(at he iscrtio of he roof ree, ninCmldhth, I•n'eltr at ion). Oht, r' ballistic li nits
plate (about 0.020 inch) or equivalhint screcu, used primarily for the evaluation of armor
placed (at tit discretion of the proof officer) plnh,, are in use. These approach the, V-0
parallel to and approximately 6 iiches rear - point (na:xinmum velocity at which no complete
ward ol the plate. penetration can be expeeted) or the V-100 point

2-236. Critical Velocity. The iBrit ushi2 1 eval- (minininiu velocity at which 100 percent per-
uale the performance of a1rmor-pier'ing pro- foration is obtained) rather than the V-50 point.
jectiles in terms of a critical velocity, which These tiethods, as well as several others
corresponds to our ballistic limit but dilflers in which are not of primary interest to the am-
method of computation. The critical velocity is munition designer, are presented in "Methods
defined as that velocity at which the projectile of Computing Ballistic Limits From Firing
will just pass through the plate. It is computed Data," available from the Development and
by firing several projectiles at velocities suf- Proof Services, Aberdeen Proving Ground.
ficient to perforate with some residual velocity 2-239. Reproducibility of Results. In conduct-
alter perforation. The critical velocity, V, the -

ing firing tests for the determination of ballis-
striking vlchty, Vo, and the residual velocity, tic limit it is just as importait to use target
VI, will be related by the following equation:

V2 = V2 - :V,2 proclate of uniform characteristics as it is to use
0 , Vi projectiles of uniform characteristics. Results

where s is some empirically determihied con- will be reproducible only when characteristics

stant. of both armor and projectile are recorded and
stant, V ilreproduced as carefully as possible. It should
if Vo 2 is plotted against V12 for two or more also be borne in mind that, due to projectile
firing results, the points will lie on a straight shatter, curves of percentage of complete pen-
line. V2 can be found as the value of Vo2 when etrations versus velocity may show two or
V12 equals zero. This method is applicable three peaks or even regions of discontinuity.
only to projectiles which remain intact during
perforation. 2-240. Computation of Ballistic Limit. 1 3

2-237. Analysis by Stati:tical Method. If a Symbols and Abbreviations
curve of percent complete penetrations versus BL .... Ballistic limit
velocity is plotted, it will usually be found to PP .... Partial penetrations
follow closely a normal probability curve, thus CP .... Complete penetrations
making possible the analysis of the data by the VA .... Average of all velocities in
usual statistical methods; that is, a mean value zone of mixed results
and a standard deviation can be found. Ideally, VHp .... Velocity of the highest PP
a probability curve could be plotted and the VLC .... Velocity of the lowest CP
necessary data be obtained from this curve. IV .... The sum of the velocities of all
Practically, however, this is not feasible for rounds in the zone of mixed
the following reasons: (1) in up-and-down test- results
ing the size of the step (interval) cannot be Np .... Number of PP in zone of miuxed
accurately controlled; (2) the number of ob- results
servations that may be made is generally small NC .... Number of CP in zone of mixed
in number, because of the prohibitive cost of results
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a. :1 C11 and 3 PPJ Wittlon I 50 fps, 3. U.Ses. boit.Atl(' for ;Ill data, providit'd

1.lripill; Ihtd IitIII)O au-:1h.-dwii a1 'oiloo ofi mixoed -tslsi ba d.
fr ing mietbo unit til ii3 (' 11 midn 3 1'll arie At pres~ent , us'ud pr.wiat-ia Ily asi a i'her'k

olitllned within Ii spread of 150tt fli!. oil it her moethitds a lid wlit' it' lit lit, s
2. MONtliod jof miput :d ion. Avt'rAge of accurate d'ti xititnjtsb'is dv-

tile i'eloc'it 's-of thv- 3 liwest CIP and si red.
ttie 3 highest PP). 4. Nu mbe r of rounds inxv olv'i'd, 5 Ito 20.

3. Uw%'. Most armonr dt'volitniv'it pro- 5. Com1men1 ts. This is11C onll ,.tait. I Sti -
grais; aliso proj'ectilt' test lnokiramis.. c'ally sound I ethAlod avail ablet ftor us.'

4. No mliiwr of 'ouiidm i uvol vi 'd. 6 to 10. w~lun a1 smlall ots niode rate no nil ij'r of
5. Ct tin nint- s. 1) 1 r IlIi s s 11 1 e, Vi eloityv rounds h av''e beni fit-rd. Poic wi (t's ;I

;pread may be modified to, foi- examin- MIantdard di'vi at ion as- wellI as a hall is -
pIt', 10)0 fps. frlni, tiiougli'tht' standtard d's'm i-

b. 3 Cl' antd .3 P11).Witl n 10q a).lsjit'r Frank- tioln mlay not bt v'ery ac'cutrate' as, far
ford Arsenial. as tii, part icutilair jl epotetl'ctn
I. F' ir og me :ihod. niplIiy up-and -down biniat in xiis t'ontevined. Re'quiries 2 toi

int'Iiod until 3 Cl1 and 3 P P are' ob- 4 liouris of coimiput at ioni toi obit aiin al -
I amcnd w, I in a spr'ead of 100 fl).,. If li sit' i inlit and st antd id devi at ion, hoti
zone of nmixed t'estil11 is g rete thaLI ln a sp'c'i ally tdes i gned limii l achiiiAloi ott I
100 fps, fire addit ional rounds tootb- bie able to suJpply a'nsw'rs iii an inl-
taini ai ininiiiiiium of .3 Cl1 and 3 IllP III sigint n'ant aniount (if timie. Whevn no1
the mixed zone. zow, of mixt'd re'sults is oht aiiiid in

2. Metliod of compu ntat 10oii. firing. no staindlard devi at itn ran1 hi'
a. If toienite Xt'tl '01'is, obt aitiod at' en- (itita ned aind ti h hallisiv sIjiilmit c'anl
age thei v'oltit'itie; of ill' lowest Cl 1 and only be testiiiated. Ballistic' linitit~s oh-
the 11tiighist 1PP.. tain'd, by this niethtid differi very
b. If thec zone of mnixt'd results is less slight lN (0 to 10 fps) froml hallistit'
hitia 1010 fps, av' eage the velt~it'it ts of Iiminits, obtained by the 3 anid 3 in'lhotho.

tile 3 lowest CP and thte 3 tiijlhe'st I'll. d. Probability Curvcs.
c.If the, mixed zone i!s between 100 1.?iring nietliod. Emploiy up-and-down

fps and 250 fps: miethtod or zoime method.
(1) H1 the numiber of PP inl the 2. Methiod of computation. P14 .~i'c
mixed zone exceeds flt' number of --hfowing frequency of Cl' at v'ariotus
CP, velocity inte'rvals onl 'itlier linvax' or

BL V (N~p - NC) V)prtobability graphi paper. Pick tiff V-50
L +04P -1qCY (VHP VApoint from curve.

(2)1 fthenumer f C inthe3. U~ses. To set up spiecifications for
(2)e zoeexed the number ofCrith body armior materials, and for other
mie on Pcdsht umiro special tests.

(NC Nji)4. Number of rounds Involved., 150 or
BL --V A (NWC-VL more.

(NCý Np) 5. Cotninints. Suitable only when aI large,
number of rounds call bi' fired at thle

3. Uses. Tests of projectiles, same target. May also furnishi re-
4. Number of nruinds involived. 7 toi 14. liable standard deviation. Most ac-

c. Method of Max imum njLikelihood. plr BilL 1,uratte of allmeni.tods.
TechEnical Note No. 151. v. Averag ofVeoities iii Zoine of MLxt'd
k;t Firing mnethod. ,Employ up-and-down lilsultqs.j!tr Navy.

method. -1. Ftr~g niethiod. Employ up-and-aawn
2. Method of comnputation. Method of tnehtlid.

niaximtim likelihood described iii "Onl 2. Method of t'oniputation.
Estimating Ballistic Limit and its
Precision," Ballistic' Rest'arch Labo - L
raturies, Technical Note No. 151, B
Marchi 1950. N
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3. Uses. Normal developmental firing degree( of acc(uracy. The average tungsten car-

by tle Navy. bidh core, based on saimples submitted by four
4. Number of rounds involved. 9 to 15. manufactui'ers, contained 82-85 percent tung-

T fl sthn carbide, 15-17 percent cobalt and/or
2-241. Chlatrtis for lBallist ic .Liit.1 The fi- nickel; the remainder was free carbon and iron.
lowi|ig nathod for obt ainin4g ballistic Iimils, The hardness range was from Rockweli A83-90.
basvd .:pon empirical equations derived from With regard to the armor plate targets, the

firing data, is proposed by l~t. It. Il. iel of same factors were corside;red as for AP shot.
Ah:' deen Proving, Gromid. By using the method,
esvtnmtt's of the V-50, protection ballistic linmit 2-2.13. Charts for Ballistic Limit -- Procedure
for new prltoji''tihl's, and for standard proj,!v- for Use.. In designing a now projectile, the en-
tiles ag::ainst untried targtis, can be niade giner ,su.'lly has predetermined a series of
within approxinmately 110 percent at the lower t:ari:et:; which the proj',ctile must defeat, as
velocity levels to within t 5 percent at tliho well as the gun model and caliber for which It
higher ranges. At the higherobliquities, bal- is intended. The optimum projectile weight-,
listic limit ,,stimations for IIVAPDSFS pro- muzzle "elocity, striking velocity at various

jectiles can be nmade tu a fair degree of ac- ranges, and whether or not it will defeat the
curacy. specifked targets at those ranges remains to be

determined. This is indeed an involved prob-
2-242. Char its for jBallistic Limit -- D n. iem, but may be accomplished to a degree, in
ConditAamns.i Many nohttels of.the standard AP a minimum of time, by employing the following
shot design, from 57-amm through 120-mm, procedure (see figures 2-89 through 2-95).
were' analyzed. All projectiles considered were I. Select the particular projectile type, anid
from two to three calibers in length, conven- the armor plate thickness, obliquity, -and hard-
tional ogive, hardened to approximately Rork- 3ess to hei defeated.
well C58-62 at the nose. Ballistic limits were 2. Select the particular projectile weight
obtained using V-50, protection criterion -and diameter to be investigated.
against rolled, homogeneous armor. Armor 3. Select the particular gun model and op-
plates, for the most part, were within the hard- ecrating pressure desired.

ness and ductility limits prescribed by govern- 4. Select the range at which the target is to
ment specification. In approaching the prob- be defeated.
lena the following factors were considered: b Using the information specified in step 1
plate thickness olate obliquity, plate hardness, above, refer to the appropriate charts "Thick-
projectile we-'t, and projectile diameter. Uni- ness of armor defeated versus kinetic en-
form cleanliness and quality of armor plate ergy/diameter" (see figures 2-89 and 2-90),
and projectiles were assumed. and read the absolute value of KE/D required

to defeat the target. The units of this term are
Very few models of tungsten carbide shot were not important.
available for analysis, and these variecl widely 6. Using the information specified in step 2
in basic design. Four standard models of HVAP and tai value of KE/D obtained from step 5,
shot were studied, two with the tungsten car- refer to the nomograph "Kinetic energy versus
bide core incased in an all-aluminum carrier, striking velocity and projectile diameter ver-
and two in an aluminum carrier with a heavy sus projectile weight" (figure 2-91), and read
steel base. It was observed that with sliot of the striking velocity required for penetration.
this latter type, lower ballistic limits could be 7. Using the information specified in steps
obtained because of the additional momentum 2 and 3, refer to the chart "Projectile weight
imparted to the core by the steel base. Only.,. versus approximate maximum muzzle velocity"
one HVAPDS design has been standardized to (figure 2-92), and read the approximate aaxi-
date. Other designs studied employed special mum muzzle velocity obtainable with the chosen
features too numerous to mention. In analyz- projectile and gun. If the selected gun does not.
ing HVAP results, only the core weight and di- appear on the chart, use the "Nomograph to
ameter were considered, while for HVAPDS determine gun constant for tank guns with vari-
the entire subprojectile weight and diameter ous bore diameter, chamber volume, and pro-
were included. In.'this manner, HVAP and jectile travel parameters" (figure 2-93) as an
HVAPDS data could be correlated to a fair alterite solution. The gun constant determined

2-128 CONFIDENTIAL



CONFIDENTIAL
is ,a figure of merit directly related to a weap- immobilized and that its guns be rendered in-
on's ability to launch a particular weight pro- operative. This may be accomplished either
jectile at a certain velocity under given chain- by damage to the propulsive system and the
ber pressure conditions. Next, use the "Nomo- armament or by wounding of personnel inside
graph to determine apprc'ximate maximum the tank, which usunlly implies penetration.
muzzle velocity for various weight and diam- Defeat of a tank may be accomplished without
eter projectiles fired from tank guns with penetration by dam,'ging the suspension system
various gun constants and chamber pressures and the external components of the fire control
using M2 or M17 propellant" (figure 2-94)., instruments. The Ballistic Research Labora-
This method is slightly less accurate than the tories are conducting a series of firings against
chart of step 7, since it is empirical in nature, tanks in order to determine the true probability
However, it has proved especially valuable in of defeat of a tank by projectiles. Damage
predicting the performance of design study guns evaluations to dummy personnel and conipo-
and establishing a basis for future gun par- nents of the tank will be used as a basis of
ameters. these probabilities. It is hoped that the results

8. Using the information obtained fromsteps of these tests will provide information that will
2, 4, and 7, refer to the "Nomograph to de- be of aid in projectile design.
termine striking velocity at various ranges"
(figure 2-95), and read the striking velocity EFFECT OF VARYING ARMOR PARAMETERS
available at the particular range considered.
This value must be larger than the striking 2-245. Effect of Armor Thickness on Projec-
velocity, required for penetration, obtained in tile Performance. Increasing the thickness of
step 6. If such is not the case, proceed to armor increases the energy necessary for per-
step 9. It may be of interest in any event to foration. For ductile perforation the energy
determine the range at which the projectile required is proportional to d2 t, where d is the
will just defeat the target. This is easily ac- projectile caliber and t is the thickness of the
complished by starting with the striking veloc- target plate. For the punching type of perfora-
ity (from step 6) and the muzzle velocity (step fi, the energy required is proportional to
7), and working through: the nomograph in re dt. The nose geometry of a projectile deter-
verse, mines, to a large extent, the type of perfora-

9. Select a lighter and a heavier projectile, tion which takes place. The truncated nose
within practical length Limitations, and repeat tends to produce the punching type of perfora-
steps 5 through 8. If neither of these projec- tion whick. is more effective against under-
tiles can deft. : the target, then the require- matching plate; however, it also increases the
ment must be changed, a new gun model, or likelihood of projectile breakup at low obliqui-
larger diameter projectile chosen. ties.

24
A word of caution is offered in usingthe chartF. 2-246. Effect of Hardness of Plate. It has

The ballistic limit for any particular projec- been found that the optimum hardness for
tile-plate combination can never be determined rolled or cast homogeneous armor plate is in

precisely. A variability of 50-100 fps between the neighborhood of 280 BHN. When attacked
projectilelots And armabilityor plat0 hs is ci-by medium-caliber AP projectiles over a wideprojectile lots and armor plate heats is com-
mon, and to be expected. The charts were con- range of obliquities, cast armor of approxi-

mately 2 to 5 inches in thickness tends to show
structed from a limited number of observa- reduced resistance to penetration as hardness
tions. All plate thicknesses were not investi-
gated at all obliquities and hardiiesses. As increases over 280 BHI. The optimum hard-

additional information becomes available, the ness for rolled homogeneous armor is some-
accuracy of the charts may be improved, but what in cxcess of this value, depending on the

thickness involved.the method of analysis-fould remain the same. 2-247. Spaced Armor.2 Reters to a structure

2-244. Tank Damage Assessment. 1 2 Hereto- consisting of a moderately thin plate in front
fore it has been the practice to consider a tank of, and separated by a space from, a consid-
defeated if a penetration of any sort was erably thicker armor plate which constitutes
achieved. Actually, in order for a tank to be the main armor of the vehicle under considera-
completely defeated it is necessary that it be tion. The thin front plate, called the "skirting
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NOMOGRAPH TO DETERMINE GUN CONSTANT FOR TANK
GUNS WITH VARIOUS BORE DIAMETER ,CHAMDER

20 VOLUME, AND PROJECTILE TRAVEL PARAMETERS
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NOTE: A ONE UNIT CHANGE IN GUN CONSTANT IS EQUIVALENT
TO ONE FPS CHANGE IN MUZZLE VELOCITY

Figure 2-93. Nomograph to determine gun constant for tank guns with various bore diameter,
chamber volume, and projectile travel parameters
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NOMOGRAPH TO DETERMINE APPROX- 508
IMATE MAXIMUM MUZZLE VELOCITY FOR
VARIOUS WEIGHT PROJECTILES FIRED FROM
TANK GUNS WITH VARIOUS GUN CONSTANTS
AND CHAMBER PRESSURES USING M2 OR 4
M17 PROPELLANT 00
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Figure 2-94. Nomnograph to determine approxi mate maximum muzzle' ielocitv for various
weight projectiles firedfrorn tank guns w ith vari10145 gun conlstants and chambe'r

Pressure using M2 op- All7 Propellant
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plate," faces the attack, and represents ap-d 2C0.,
proximately 10 percent o- less of the total e dL V O•

weight of the armor. A me -e complex spaced d

armor arrangement may coiprise a number of in which e is the thickness of the plate pene-
skirting plates. trated, d is the diameter ,f the projectile, W

2 .the weight, tv the angle of impact relative to the
2-248. The Function of the Skirting Plate2 is normal, V the striking velocity, -and n andii,
not to. absorb any significant proportion of the are constants. For nondeforinable projectiles,
kinetic energy of attacking projectiles, but to log o = 6.15 and ,, 1.43. Hence the equation
so affect the projectiles that their performance reduces to:
against the main armor is drastically reduced. ba 2 C82 1-/1.43

1 WV o I2 ' 11

The basic approach to the design of spaced al.l a

armor arrangements is to have the skirting
plate of the minimuJn thickness capable of pro- If the projectile energy is kept constant while
-ducing the desired effect upon the projectile, its diameter is varied, the penetration im-

3 proves as the diameter diminishes. This im-
2-249. Effect of Skirting Plate. 3 The skirting provement continues until the impact velocity
plate may affect projectiles in any or all of the reaches the shatter value.

following ways:
a. The armor-piercing cap may be removed, 2-251. Improvement in Penetration With Tung-

thus causing the shot to be shattered against sten Carbide. When tungsten carbide is used
the heavy main armor. as a projectile material, a and , both diminish,

b. The shot may be turned or yawed so that and the relative penetration is increased. The
it impacts the main armor at an increased constants are now, however, not independent of
angle. 0, and there is a region of o wherein the ad-

c. The shot may be fractured uponpassage vantage of tungsten carbide is not so great.16

through the skirting armor. The loss of the For example,3 4 under conditions in which the
point and the dispersal c-f the'fragments result plate is overmatching, the three typesof 90-mm
in a marked decrease in the penetration per- projcctilc. are rated on an equal range basis in
formance. the order of decreasing effectiveneit given in

table 2-33. However, the HVAPDS round is
Spaced armor is most efficient when the at- probably superior at all obliquities.
tacking projectile is broken up by the skirting
plate. When this happens weight savings in the Table 2-33
range of 30 to 50 percent over solid armor
can be effected with no sacrifice in protection Obliquity Order of Effectiveness
performance. When, however, projectiles are F o--

not broken, but only decapped or yawed, weight (f to 45' HVAP, APC, APl

savings of 10 to 20 percent can be effected if 45" to 65" AP, 11.VAP, APC
the projectiles are yawed to impact the main
armor at an increased obliquity. If the pro- 2-252. Factors Limiting Penetration of Sub-
jectiles are yawed to impact the main armor at caliber Projectiles. 16 From theDeMarreequa-
a reduced obliquity, spaced armor becomes tion it is apparent that reduction of caliber,
considerably less efficient than the same weight while at the same time retaining projectile en-
of solid armor; becoming, in fact, even less ergy, improves penetration. However, in an ac-
efficient than the main armor alone. tual gun, the powder energy is fixed, and since

part of this energy is delivered as kinetic en-
EFFECT OF VARYING PROJECTILE ergy of the powder gas, the energy of the pro-
PARAMETERS jectile diminishes as the caliber is reduced.

Furthermore, because of less favorable bal-
2-250. Gains in Armor Penetration by Use of listic conditions, the projectile strikes theplate

Sub'aliber Projectiles.1 6 One form of the De- with a further reduction in relative energy, and
Marre formula for penetration of armor plate the advantages of subcaliber projectiles are
by steel projectiles is given by the equation thereby modified. In spite of this, gains in
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penetration can be attained by sulx'aliber pro- capped and nmonobloc full-caliber shot and
jectiles. For a detailed explanation, and the monobloc subcaliber shot.
mathematical computations, refer to section 4. It appears that the performance of any
33.2 of reference 16. AP or APC projectile-gun combination (at

least greater than 76 mm in size) can be im-
2-253. British Method of Estimating tise Muzzle proved by firing a subcaliber capped steel shot
Velocity of a Subcaliber Projectile. Whencom- front the g•un. The net result is that the armor
puting the muzzle velocity of a subcaliber Dxenetration remains the same, but the sub-
(HVAPDS) projectile from the data known for caliber shot superiority exis-ts because, of a
the full-caliber projectile, it is necessary to higher probability of registering a first-round
take into account thc. energy used in acceler- hit on the target. (This higher probability is
ating the propellant gases. 4 The following em- based entirely on the shorter travel time of
pirical equation, developed by the British, the subcaliber shot.)
takes the gas acceleration into account. In
effect it assumes that half the weight of the ased Uost of present metal
charge is being accelerated along with the pro- Bs upon the high ntal
jectile, sabots, it would appear that the, possible ad-vantage of a subcaliber projectile would be

11M V offset by the higher cost. However, if the all-
Vs 0 -- V° plastic sabot should prove practical, it would

M Mc2 probably be possible to manufacture a sub-

where cal er projectile at a low enough price to

V,=Muzzle velocity of subcaliber projec- make the marginal advantages worthwhile.

tile
Vo = Muzzle velocity of full-caliber pro- 2-255. Effect ,f Nose Geometry .of AP Pro-

jectile jectiles.255 the armor penetration perform-
Mo = Weight of full-caliber projectile ance of 20-mnm modls of the 90-ram AP T33
Ms = Weight of subcaliber projectile (M318) projectile has berI compared with that
Mp = Weight of sabot of the truncated T33 (FAP)* and the tipped
Mc = Weight of propellant charge. truncated T33 (FAPT)* (figure 2-96) projec-

tiles over a wide range of target conditions.
2-254. Comparative Effectiveness of Full-Cal. Specific limit energies were calculated in order
iber Versus Subcaliber Steel Shot. 4 Based that the perforation efficiencies of the three
upon extensive scale-model tests, the following types could be compared on an energy basis
conclusions were reached regarding the orom- for any test regardless of nose shape and
parative effectiveness of full-caliber versus projectile weight.
subcaliber steel shot of conventional l/d ratios.

1. The most efficient diameter for sub- For all targets for which they remained in-
caliber steel projectiles employed in the pene- tact the FAP projectiles were found to be
tration of rolled homogeneous armor is 7/10 suero t o t AP projectiles.
of the bore diameter of the gun from which it superior to the FAPT and AP projectiles.
is fired. For conditions where the FAP projectiles

2. In general, there is little difference in shattered, the FAPT was superior. The AP

penetrative performance against rolled homo- projectiles were inferior to both the FAP and

geneous armor plate between a steel subealiber FAPT except for matching or overmatching

shot of the most efficient diameter andahomol- armor at high obliquity, in which case they
ogous full-caliber shot of conventional 1/d ra- are equal to the FAPT; and for very muchtios. The subcaliber shot exhibits slightly overmatching plate at very low obliquity, in

rtios ahe sear rhot ex s, sigl - which case AP is superior to both FAP and
better pentetration at the near ranges, while the FAPT. A summary of the results obtained is
lull-caliber shot is superior az the longer gvni iue -7 -8 n -9

ranges (over 2500 yds). given in figures 2-97, 2-98, and 2-99.

3. Against targets which are overmatching
for the full-caliber projectile, a capped sub-
caliber shot of 7/10 bore diameter will exhibit * These are not official OrdInanqe, de.igot ti is, but
terminal performance equal or superior to both have been us.L for easy reference.

2-138 CONFIDENTIAL

L ... .



-CONFIDENTIAL

(1 4? LAI I

FAP
(TRUNCATED)

EH .__I7

L l
4  

.. "1 I CAL I

AA.* I A P ' ' ',

(CONVENTIONAL) "",

•' I -1'A
FAPT -' 4I.

(TRUNCATED- TIPPED) (le iCAI I C

NOTE: H...... .
I 20MM MODELS* HAVE PLASTIC ,,- ,

(CYCLEWELO CEMENT) ROTATING
BANDS

2- TIPS ON FAPT SHOT ARE BRAZED , .
TO SHOT BODIES AMOUNT OF PE .. ORITV
3- BODY (BOURRELET) OIA. AFTER , O fAPI OVLR AP

CENTERLESS GRINDING 4 AP SHAT I Er EIO

4- LENGTH OF CONVENTIONAL , - SHA7'7ERI'O

APT33 VARIEO TO MEET FINISHED V P 0 FAPI 5HA1TERED

WT REOUIREMENT OF 1100 GRAINS I UASA| I

Figure 2-96. 20-mm AP shot types 4 5OLUT 60

These results have been confirmed by limited to 12 4 IA Is 20 22 2.4
OBLIQUITY Stcefirings of truncated 75-mm shot, truncated

conical 120-mm shot, and tipped truncated Figure 2-97. Graph of specific limit encrgy
76-mm shot. These limited test firings indi- versus obliquity for 7/8-in., I-in., and
cate that full-caliber shot of these types can be I 1/8-in, plate thicknessesfor conventional
made to show the same relative penetration ogiva (AP), truncated ogival (FAP), and

performance as the 20-mm models if adequate tipped truncated ogieal (PAPT) 20-am
shot hardness and ductility are provided. projectiles

town Arsenal indicate that the performance of
2-256. Radius of Ogive. 8 Consideration of all tungsten carbide cores may be improved by the
the data obtained indicates that armor-piercing use of a truncated conical nose in place of an
projectiles intended to defeat matching orover- ogival one. Figure 2-100 illustrates the .40-
matchiugi hMmogeneous plate at low obliquity caliber model cores which were used in the
should have a single radius ogive of L25 to 1.3 tests. The following- conclusions were arrived
calibers. This radius of ogive provides a corn- at.
bination of both good shatter characteristics . 1. Blunt truncated conical-nosed tungsten
and good penetrating efficiency. carbide cores require less energy for thepene-

tration of rolled homogeneous armor than do
2-257. Effect of Nose Geometry of Tungsten the ogival nosed cores when armor under at-
Carbide Cores.1 9 Firings performed at Water- tack is less than 2.5 calibers in thickness and
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Figure 2-98. Graph of specific limit enerig" Figunre 2-99. Regions of superiority for con-

versus obliquih. for 3/R-in., 5/8-in., and rentional ogival (AP), truncated ogiral (FAP),
3/4-in. plate thicknesses for conventional and tipped truncated ogival (FAPT) 20-mm

ogival (AP), trincated ogival (FAP), and projectiles
tipped trnncated ogival (FAPT) 20-mm pro-

jectiles

is inclined at an obliquity greater than approxi-
mately 35. At lower obliquities and against .
thicker targets, the standard ogival nose core ,. j-penetrates with less energy. •.900 F;,. f.40.0

2. The superiority of the blunt-nosed core 300 .? -
exists because the cores suffer much less "mo"aC." oCTIE ,14
severe shatter under the attack conditions WEIGt 3,3-.o00 WIGHT to.$1o

listed in subparagraph I above.
3. Regardless of nose geometry, a tungsten

carbide core whose nose remains ieact during to*
the penetration of armor will penetrate more 1 . .. ,. - :
efficiently than one whose nose shatters. - ...... .1 .

4. A truncated conical nose remaining intact -o

duhing penetration will generate a conical tip .- 15o - 0."..0 -.
from the armor which effectively acts as a cap on L .- -- .

in reducing the stresses on the core nose. moaciu e Pocv', me

5. No simple equation, involving the core 21r no1 WIElf R" oBuS

energy as a function of core caliber, plate Figure 2-100. Experimental designs of scale
thickness, and obliquity, is known which can be model ogival and truncated conical-nosed
used for accurate prediction of the terminal tungsten carbide cores
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ballistic performance of ogival-nosed tungsten By means of the armor-piercing cap, a projec-
carbide cores. tile which might otherwise break-up against a

specific target (either face-hardened or homo-
Figure 2-85 is a plot of ballistic limit versus geneous) may be kept intact. The cap will lead
"obliquity, for the projectiles tested. Plots for to increased perforating ability only when the
1.0-in., 0.77-in., and 0.50-in. rolled homo- uncapped projectile deforms badly and the de-
geneous armor plate are included. The results formation greatly increases the energy re-
shown should not be considered as optima for quired for perforation.
the truncated nose core, further investigation
is required before the optimum nose geometry The following theories have been advanced to
can be established, explain the mechanism of cap action:

1. The cap acts to break up the face of the
armor. (For face-hardened armor this may be

, 1true; it is, however, difficult to support this
t $J5 t - I I theory for homogeneous armor which has no

- __ MLo:._k0 M 6 .- .& t - "face.")
3m,, 1I " 2. The cap reduces the peak stresses re-
wnwrpa suiting from the inertia~ of the plate material.

----. -1--- •' p .9GM
•_11-- S ,v~ -Mr - - .- 4 3. The cap produces a lateral pressure on.

on-I .1. the nose of the core and so decreases un- -

1 balanced compressive *stresses in the region
"- - ' of the ogive.

4. The cap 'lubricates" the core.

. To assess the feasibility of using a cap, one
7should know the performance of the uncapped
projectile over a wide range of conditions. It

/•.. .. ~ - iis necessary to determine (1) the energy re-
-,.• _/ |0i quired for perforation when no deformation

" / - occurs, (2) the conditions under which defor-
I 7 ma.miun takes place, and (3) the effect of the

ueformation in limiting the perforation or
/otherwise reducing the effectiveness of the

". -. projectile. One must then find the extent toS' J ! •.which each of these factors is altered by the

-. -' -~/--.... .. ..... addition of.the cap.. All three factors are al-
/tered by changes in eith'er-i'ojectile design or

-I target characteristics.
LAo•0 i.0 'aLIý7 S* If a cap succeeds in preventing projectile de-

- jT formation, it will act both to retard and, in the

case of oblique armor, to turn the projectile.
Figure 2-101. Ballistic limit versus These effects, if not kept to a miztimum, may

obliqi.tv, caliber .40 WC pro- overbalance the advantage gained by keeping
jectiles, rolled homogeneous the core intact.

armor, 300 BHN
• 2-259. Vulnerability Diagrams.l 5 A useful way

2-258. Armor-Piercing Caps. 2 2 Armor-pierc- of presenting penetration data on kinetic energye

ing caps were first introduced as a counter- projectiles is by means of vulnerability dia- -

measure to f ice-hardened armor. It was found grams of the type shown in figure 2-102. A

that monobloc projectiles would deform against roughly elliptical area exists for each gun-

face-hardened armor even at low velocities projectile-armor combination within whichpen-

and zero obliquity. The addition of the decre- etrarion of the armor can be effected and be-

mentally hardened cap enabled the projectile to yond which the armor is invulnerable to the

penetrate. particular attack. The gun must enter into this
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consideration, since it influences the velocity of AP shot in attacking highly sloped armor
and hence the kinetic energy of the shot at all targets.
ranges.

2-261. Effect of Armor-Piercing Capson Tung-
sten Carbide Cores.20 Experiments performed

-2-260. Comparative Performance of AP and at Watertown Arsenal to determine the effect
APC. 15 Figures 2-87 and 2-88 show the use of steel or tungsten armor-piercing caps in
of vulnerability diagrams to illustrate the com- preventing the shatter of tungsten carbide cores
parative performance of AP and APC projec- indicate that worthwhile results may be ob-
tiles against various thicknesses of armor tained. Figure 2-105 illustrates the caliber
sloped at different obliquities. It will be noted .40 model cores and caps which were tested.
that, for a fixed weight of armor per unit The following conclusions were reached as a
vertical height, thinner plates sloped at higher result of the firings.
obliquities (at least up to 530) provide pro- 1. Either steel or tungsten caps can be
gressively more protection against APC shot. employed effectively for the reduction of tung-
Against AP shot, however, a given weight of .sten-carbide core nose shatter when the strik-
armor sloped at 37* obliquity provided con- ing velocity is sufficiently high to cause failure
siderably more protection than the same weight of the unprotected core by shatter.
of armor sloped at 530 obliquity. A comparison 2. Either cap material, when employed in
between the righthand curves of figures 2-103 the proper design of the cap, will enhance the
and 2-104 illustrates the improved effectiveness armor penetrating capabilities of the projectile

Fiue2-i 02. "Area of vulnerability" "of specific type and thickness of armor
to attack by specific gun-projectile combination
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Figure 2-103. Comparison of areas of rulhcrabilyl for tarious combinations of arnor
thickness and obliquity haveing equal weight per' unit of shielded volume when

attacked by 90-mm'steel projectiles

against armor less than two calibers thick at 2-262. Effect of Skirting Armor on Cap. 3 1

obliquities up to 550, and possibly at higher 1. Thin skirting armor can easily remove
obliquities against tnicker armor. the cap of APC projectiles.

3. There are no practical advantages to be 2. In view of the higher probability that a
gained by using tungsten in preference to steel capped projectile will have to attack the main
as a cap material. armor uncapped, the cardinal principle in de-

4. For a given cap design, there is an op- sign of a capped projectile is that the body be
timum weight of cap material which is the most made to function as well as possible when un-
effective in reducing the energy required for protected by a cap.
the perforation of a given armor target.

5. As the sever;:,- (f the target increases
(greater thickness at '.mstant obliquity, or 2-263. Caps for Defeat of Spaced Armor. 3 2 The
higher obliquity at cu'nstai.t Oiickness, or both), liability to cap fracture of APC projectiles by
the weight of cap requirtid for ma::imum termi- skirting armor may be reduced by increasing
nal ballistic performanct* increases slightly, the tendency of the steel in the cap to flow
However, a cap weighing 10 percent of core plastically rather than to fracture brittlely.
weight is a good compromise. Figure 2-106 This may be done by (1) using steel of a char-
is a plot of ballistic limit versus cap weight acteristic tempered martensite structure
for various thicknesses of armor at several rather than a pearlitic structure, or (2) avoid-
obliquities. The two parallel dashed lines in- ing excessive hardness. Maximum hardnc..s.
dicate the optimum cap weights. is to be determined by the detailed detsign of
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Figure 2-104. Comparisons of areas of rulnerabilith for various combinations of armor
thickness and obliquity having equal weight per unit of shielded volume when

attacked by 90-mm steel projectiles

the cap and the thickness of the decapping 2-264. Buffer Caps for Defeat of Spaced Ar-
plate against which protection is desired. mor.33 By using a copper or other soft metal

plug to protect armor-piercing caps, they may
It would not be necessary for the whole of the be protected from shatter by thin decapping
cap to have a low hardness level. The front plates. This plug, which may be quite small,
face alone could be hard. This would be de- may be placed in the windshield of the pro-
sirable in attacking face-hardened armor. jectile in such a manner as to hold the plug
Against homogeneous armor, experiments at against the cap when the windshield is secured
Watertown have indicated that soft caps (15 Rc) to the projectile. In tests conducted at Water-
have a slight superiority over hard caps with town Arsenal, a 1-ounce copper plug (buffer
respect to protection against shatter of the cap) served to protect 37-mm projectiles
projectile. No difference in the performance against decapping by a 5/16-inch decapping
of the hard- and soft-capped projectiles._was plate. This thickness of plate corresponds to
observed, with respect to ballistic limits; it nearly 1/5 caliber. Such a buffer cap should
therefore appoars that AP caps need not be also be useful in helping to defeat armor un-
hardened alter machining. The steel should, protected by decapping plates. The buffer would
however, have a tempered martensitic struc- reduce peak inertial forces tending to cause
ture, which could be given to the bar stock shell breakup; this should be particularly use-
before machining. ful against face-hardened armor.
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Figure 2-105. Caliber .40 scale model of isoc -a, .. .-. / so-Lw•~
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90-mam M304 (11-13) projectile wit/h ex- CAP WEIGHT COMI
perimental caps employed in the study,,, ,

ofarmor penetration .03 .05 .0? .09 .,0 .11 .12 .13 .14 .15
ofRATIO OF CAP WEIGAT TO TOT L W LtHT

-2-265. Comparative Performance of Kinetic Figure 2-106. Ballistic limit versus cap
Energy Shot. Against solid steel armor tar- weight for caliber .40 tungsten carbide
gets, kinetic energy shot performance may be cores against rolled homogeneous
summarized as follows. 1 5  

armor, 300 BHN
a. Monobloc steel shot are more effective

than capped steel shot for the defeat of under- their effectiveness is markedly degraded at
matching armor at alt obliquities of attack and obliquities above approximately 45 to 50°.
are more effective than both APC and HVAP

shot for the defeat of moderately overmatching The preceding statements regarding the corn-
armor (up to at least 1 1/4 calibers in thick- parative performance of AP and APC shot are
ness) at all obliquities of attack above approxi- well illustrated by figures 2-107 and 2-108.mately 45. Figure 2-107 represents data obtained from

b. Capped steel shot are superior to mono- terminal ballistic tests conducted at the Water-
bloc steel shot for the defeat of greatly over- town Arsenal Laboratory in which .40-caliber
matching armor (over 1 1/4 calibers in thick- scale models of the 90-mam AP T33 and 90-rmm
ness) at obliquities in the range of 20 to 45°, APC T50. shot were fired at plates from 1/2 to
but both capped and monobloc shot are greatly 2 calibers in thickness and at obliquities from
inferior to HVAP shot in the low obliquity 0 to 700 inclusive. The curves on figure 2-108
range against heavy armor targets. represent equal resistance curves; that is, all

c. HVAP and HVAPDS shot are most effec- plate thlicknesses and obliquities whose co-
tire against heavy armor targets at low and ordinates fall on the line designated 3000 have
moderate obliquities of attack (the 90-mm tung- ballistic limits of 3000 fps. The lines further-

Ssten carbide cored shot can penetrate 10 to 12 more represent the minimum ballistic limit for

inches at 0° obliquity and at short ranges), but the target conditions, whether the minimum
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ballistic limit was obtained with AP or APC APC shot was superior. It will bt! noted that
projectiles. The dashed line represents the flth, areas of superiority at the AP over the
boundary between target conditions where AP APC shot and vice versa are in accord with
shot was superior and target conditions where the previous conclusions.
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Figure 2-108. Comparative Pe~formance Of 90-mmn AP Tf33 versu's 90-mm APC T50 Projectiles
for the defeat of homogeneous armor of varying thicknesses and obliquities
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CANISTER AMMUNITION

2-266. Description. Canister ammunition is, employing thermoplastic resins as a matrix for
jn essence, similar to the ordinary shotgun the missilesI indicated that such matrices can
shell, but is designed to be fired from rifled be used successfully to decrease radial dis-
weapons of caliber 40-.mm and greater. Figure persion; this, however, is rarely desired, ex-
2-109 illustrates one of several complete- cept for the longer lethal ranges available with
round canister desigrs. The projectile con- flechette-type filler.
sists of a heavy steel biase, designed to with-
stand the firing stresses, and a thin steel tube 2-268. Missiles for Canister Ammunition. 2 The
packed with pre-formed imissiles. As the can- missiles used at present may consist of (1)
ister projectile leaves the weapon, centilfugal slugs-small cylinders cut from bar stock;
force causes the steel cylinder to split open (2) steel balls -usually rough ball bearing
and the missiles to spread out in a random stampings; or (3) flechette -stabilized, frag-
pattern within a definite cone of dispersion. ments or darts having a pointed nose and a
The velocity imparted by the propellant charge finned tail. Typical flechettes are illustrated
is relied upon to inflict casualties upon enemy in figures 2-110 and 2-111. The type shown in
personnel at close range. figure 2-110 may be fabricated on an upsetting

machine similar to that used to make ordinary
2-267. Use of Matrix. The loading of early nails. All are designed for good exterior bal-
canister ammunition consisted of steel balls in listics to permit a low range rate of velocity
a plaster of paris matrix. The matrix was loss as compared to slugs or balls. This low
used to prevent the balls, acted upon by setback rate greatly improves the effective range of the
forces during acceleration in the gun tube, round and permits the use of lighter missiles,
from exerting excessive pressure on the bore enabling more of them to be packed into each
of the weapon. It has been determined, how- round.
ever, that it is possible to design the steel
tube so that excessive pressures are not ex- 2-269. Loading of Flechettes. Loading of fle-
erted even in the absence of the matrix. Hence, chettes is done in order to obtain the greatest -

in most modern practice it is eliminateci (see packing efficiency consistent with the lowest
paragraph 2-269). Firings of canister shot percentage of deformation from firing stresses.

(it1 n 906G

- - CANISTER M336

Figure 2-109. Canister complete round
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Figurc 2-110. Typical flechitt¢ t3i

They are placed in the steel tube in several .0940 --

rows, or layers, and are packed head-to-tail .094t

in most designs. Each row is packed into a a

separate container strong enough to resist the Figure 2-111. Typicalflechi'lte
setback forces. . In spite of this method of %_
packing, flechettes still are subject to con- the filler into the tube, inserting a cardboard
siderable damagee (approximately 30 percent) space wad and a steel cover on top of the fill-
upon firing. The use of a resin or derivative ing, and then soft-soldering, welding, or crimp-
matrix and hardening of the flechettes are ex- ing the cover to the tube. The slits in the tube
pected to be effective in reducing this. Figure usually are filled with enamel seam sealer to
2-112 shows a typical arrangement of fle- prevent infiltration of moisture. The purpose
chettes in the tube. It should be noted that the of the cardboard wadding is to minimize ob-
pack closest to the base must resist the setback jectionable rattling of the contents.
forces of all those above it; hence, it is of
heavy steel construction. The packs above this 2-271. Weight and Weight Control .The weight
are of progressively lighter construction, and of the projectile is made equal to that of the
those at the top may be made of molded plastic. HE projectile used in the same weapon. The

usual reason for this is to maintain uniform ex-
2-270. Assembly of Projectile. The steel tube terior ballistic characteristics and to obviate
forming the body of the projectile usually is the changing of gunsight settings whenswitching
slit in four places, 900 apart, for some part of from one type of round to another. However,
its length, and may be further scored to ensure for canister ammunition this pracLice r erely
full opening upon leaving the weapon. Assembly serves to maintain relatively uniform weapon-
of the projectile is accomplished by brazing or recoil performance and to permit the use of a
welding the steel cylinder to. the base, loading near-standard charge and components. Weight
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contiol of the complete projectile is obtained is necessary to permit this. The necessity for
by controlling the dimension tolerances (and maintaining strict weight tolerances is not as
adjusting the number of balls when applicable) Important in canister ammunition as it is in
until the specified overall weight is obtained, other types, it does, however, serve to pro-
Sufficient tolerance in all the component parts mote good Workmanship and to maintain con-

sistent muzzle velocity.

2-272. Plastic Casings. The possibility of
o1) oD making canister projectile bodies out of molded

q •plastic is being investigated at this time. Be-
S.cause of the one-piece molded construction and

4 . 'T othe elimination of the separate rotating band,
t this type of construction promises to be con-

.Z siderably cheaper than steel. It also permits
the carrying of a higher weight of filler for a
specified overall projectile weight. In addition,
it is expected to cause less wear of the weapon.

"Firings of 1.1-in. and 37-nin canister amnmu-
nition using a cord-filled theralsetting tuhe-
nolic plastic as the easing material have shown
promising results. The following is an extract

from the Watertown Arsenal report on these
firings: 1

"The WAL Type Disvarding Carrier can be
successfully adapted as the casing for can-
ister type ammunition. Plastic carriers are
sufficiently strong to withstand the accelera-
tion forces within the gun tube, and can be
made considerably lighter than steel cas-
ings. They obturate very effectively during
and after engraving in the gun tube, discard
quickly ane .iniformly beyond the muzzle of
the gun, and thus promote a uniform down-
range missile dispersion."

Further tests to evaluate major-caliber plastic
carriers have been recommended.

2-273. Rubber Obturators. The use of rubber
obturators (figure 2-113) to replace the con-
ventional gilding-metal or steel pre-engraved
rotating band has been suggested. 3 Tests now
under way indicate that the following advantages
may be expected from their use.

1. Elimination of the use of the gilding-
metal rotating band in gr:n an,4 howitzer am-
munition. Gilding metal has bI en, at times, a
strategically scarce material.

2. Less wear on the gun tube.
3. Eauivailent or better obturation.
4. Elimination of [he expensive pre-engrav-

ing operation on recoill ss ammunition.
5. Interchangeability of ammunition between

conventional and recoilless weapons of 'he

Figure 2-112. Packing of filher same caliber.
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6. Elimination of the need for indexing re- 6. Ratio of weight of filler to total weight

coilless ammunition, thus permitting a higher must be as high as possible.
rate of fire. 7. It must be cheap to'manufacture.

7. Reduced sidewall pressures will permit 8. It must operate within a temperature
the use of thinner base sections and permit an range of -65° to +125* F.
increased weight of payload.

"Tes c2-275. Determit .tion of Design Parameters.Tests conducted by Picatinny Arsenal on sev--______
eral. different types of rubber indicate that a. Muzzle Veocity. The muzzle velocity
Picatinny type XP-214, with a Shore Durometer may be determined from the known weight of
Phcardness tye D-2, wisthe m ost s uitle tr the projectile and the given characteristics of

hardness of D-35, is the most suitable. the weapon. (See Section 4, '"Propellants and

Interior Ballistics.")
b. Angle of Cone of Dispersion. The angle

of the cone of dispersion may be determined
from the twist of the rifling oi the weapon

(paragraph 2-277).
c. Optimum Pellet Size. Given the total

weapon, and the angle of the cone ol disper-
sion, the optimum pellet size may be obtained

-from lethality considerations (paragraph 2-278).
The weight of filler, for steel canister, varies
from approximately 40 to 70 percent of the
total projectile weight.

"CD 2-276. Design of Base and Tube.
a. Stress Analysis. The base is designed

1.547 DIA. so that the maximum combined stress on any
section of the wall is not greater than the yield
point of the metal. In the case of the sidewall,

o- .. the tube is stressed very near to the yield point
.06O R. to encourage the opening of the canister as

quickly as possible alter it leaves the gun tube.
The analysis of materials stressed to the point"

60 (iof failure (as is necessary in this case to*achieve proper functioning) is a rather inexact

obratorand illdefined field. Hence, it is not too sur-
prising that a great deal of past experience and
trial and error is involved in designs of this

2-274. Design of Canister Ammunition. 2 rhe type. Of the three types of fragments used in
Sideal c-aist~er-iroj~e-tile--sh-•d--ha-ve t----the fol- canister projectiles (balls, slugs, and fle-
lo~wing properties: chettes), the ball-type filler gives the most ex-

i 1. Greatest lethal potential in the tactical t.-<me sidewall stress. This type of filler is
situation fill- which it is intended. considered as a fluid; the stress formulas of

2. It nmst produce a minimum amiount of the subsection "Stress in Shell," Section 4,
-tmage to the bore of the gun. are applicable. The tubes and bases for slug-

3. It must remain intact while passing loaded and flechetib-loaded canisters are cal-
througthe muzzle brake, if one is used. culated in the same manner as is the ball-

4. It moLst open consistently within 50 feet loaded canister, except that the additional sup-
of tie muzzle. port gained by the use of the stacked slugs, in

5. It must have the hiighest muzzle velocity the first case, and the separators, spacers,
consistent with the interior ballistics of the and matrix in the second case, are taken into
weapons system. account. Since the spacers and separators are
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subject to an acceleration of 20,000 g's, the mation is the defeat of the human-wave, massed
assumption is madeihýat if they fail, they will infantry assault. If the logistical situation is
fail in compression. Accordingly, on these such that a large number of rounds are avail-
components only compressive stresses are able, and if the cyclical rate of fire inherent in
taken into account. the weapon system warrants it, then a criterion

b. Lengths of Slits and Scores. The lengths that will maximize tl~e protection to the weapon
of slits and scores are determined from: crew is proper. Such a criterion is defined as

1. Past experience with similar canister one that will maximize the cumulative proba-
designs. bility that a randomly placed, advancing enemy

2. Modifications made in the course of will be rendered incapable of inflicting damage
test firings. No attempt has been made before the range of 100 feet from the weapon
to compute these lengths, since it is a (hand grenade throwing distance) is reached.
simple matter to determine the op- The fragment size that obtains this maximum
timum during the test firing, probability is chosen.

b. Lethal Area Criteria Based Upon a Single
2-277. Dispersion of Canister Shot. The angle Round. A more generally chosen criterion is
of dispersion is dependent only on the twist (T) that of the maximum lethal area of a single

of the rifling, in calibers per turn. 5  round. This is because canister ammunition,
in general, is considered "special purpose"

Cone angle = 2 (tan. 1 -) ammunition and, as such, the protection must
be confined to that obtainable from only one or

It may also be shown that, discounting the effect two rounds. (This condition is especially true
of unequal air currents, Magnus forces, and in tanks, where ammunition stowage is a seri-
gravity, the shot pattern will be essentially ous problem. Furthermore, most weapon sys-
similar to the shot arrangement in the canister. tems have inherently low cyclical rates of fire,
Since the shot pattern within the projectile is especially with blunt-nosed projectiles, such as
essentially random, the fragments arrive at canister.) An ideal criterion for the single
the target in a random pattern, round would be one that maximizes a range at

I. which the enemy has a fairly low probability of
2-278. Casualty Criteria for Canister Ammu- surviving to do damage in the time it takes to
nition. 4 ,5 "An old and often misused c.asualty traverse the distance from that range to the
criterion for canister ammunition assumes that range of 100 feet. Unfortunately, however, high
arny fragment containing 58 ft-lb of energy is levels of probable incapacitation (on the order
capable of incapacitating a human target. A of 90 percent) are rarely achieved with canister

- , . companion, and equally misused, criterion re- ammunition, even with the most efficient pay-
quires that a canister round produce one per- loads. Hence, the next best crit6rion, lethal
foration per 6 square feet of .- inch yellow pine area, is utilized. The use of this criterion
board at a prescribed range. Reference to the will maximize the most probable number of
text on wound ballistics (paragraphs 2-185 enemy incapacitations, with a single round, in
through 2-192) will reveal that these criteria the time it takes to traverse the distance from
bear little relationship to the true lethal poten- any range to the range of 100 feet. It should be
tial of a fragment. The following criteria, noted that essentially the same criterion can
based upon wound ballistics and probability be used for offensive situations, except that the
theory, have been proposed by Picatinny Ar- time of each incapacitation is kept fixed (at 5
senal.4, 5  

minutes, for examlph'). The latte ir, hiw,.vr, is
a. Criterion for Rapid-Fire Weapons. The rarcly used, since the major retquirvinient is

major tactical requirement for canister infor- for defensive situations.
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HIGH-EXPLOSIVE PLASTIC (HEP) SHELL

2-279. Introduction. High-explosive plastic does not depend on the thickness of the armor
(HEP) shell are relatively. new in the field of plate alone,. but also on the angle of obliquity.
armor-defeating ammunition. Plastic explo- Thus, the thickness to be penetrated is usually
sives originally were intended for use against greater than the actual armor thickness. Since
concrete fortifications, but now, are used pri- the HEP shell shock wave is transmitted ap-
marily as antitank projectiles. proximately normal to the surface of the ar-

In general, antitank shell are designed to neu- mor, its spall effect can be accomplished on
traize gener, atanks, ether by destyingn tonem- thicker plate than with a comparable caliberrealize enemy tanks, either by destroying them of armor-piercing shot.

as stable, mobile gun mounts, or by killing the

gun crew so that they can no longer fire their 2-282. Advantages and Disadvantages of HEP
weapons. ldeally, an antitank shell will per- Shell. At the present time, not all properties
form both these functions by igniting the tank's and characteristics of the HEP shell areknown.
fuel and detonating its ammunition. However, many characteristics and trends have

2-280. General. HEP shell are projectiles that been discovered, and these are listed below.

attempt to defeat tanks without penetrating a. The advantages are as follows:

their armor. The effect of HEP shell is based 1. HiP shell make low-velocity weap-

on the fact that a "sufficient" quantity of ex- ons, such as recoilless rifles, effective

plosive, of "sufficient" height for a given shape antitank destroyers,
of explosive, placed in intimate contact with 2. While the effectiveness of other anti-

armor plate will when detonated result in the tanroetolt increases, the e nges

rupture of a portion of the opposite face of the of HEP shell is not so adversely ef fected.

plate. The ruptured portion is known as a of HEP shell s n heaperselymafacte

spall, and is generally a rough disk. Depend- 3. HEP shell are cheaper to manufacture

ing on the quantity of explosive in excess of that than other types of projectiles.

needed to cause the rupture, the spall will at- 4. HEP shell are light in weight, hence

tain velocities between 100 and 800 fps. The more desirable logistically.
mass and velocity of the spall depend on the 5. Accuracy is comparable to, or better

quality and thickness of the armor, and the than, HE shell fired from the same weapon.
6. Blast and fragmentation Irom IIEP

mass, type, and shape of the explosive filler, shell provide very desirablh secondary tf-

2-281. Co parison With Armor-Piercing Shot. lects against primary targtts (armored v'e,-
hicles).

In general, HEP shell defeat standard tank ar- 7. HEP sll art efleetivi in neutralizing
mor approximately 1.2 calibers in thickness, secondary taxg(ts (fortifications, weapons.
at angles of obliquity from 0 to 600. When emplacements, personnei, and nonarnored
weights alone are considered, the HEP shell emples).
far surpasses the armor-piercing projectiles vehicles).
in destructive power. b. The disadvaLntage are as follows:

1. HEP shell cannot lih applied ti sul-

AP shot and AP projectiles are generally ex- ficiently wide ranges of velocity mndlitionL'o-

pected to penetrate homogeneous armor with 2. HEP shell have a low ballistic co-

thickness about equal to their caliber. HVAP efficient because of their light weight and

shot are expected to penetrate up-,to 3 calibers blunt head shape.

of homogeneous plate, because of the extreme 3. The plastic explosive filler of HEP

velocity and the hardness and density of the shell must be press-leaded rather than
cast. This mnethod is more lin e cons.uin -

core. ing, and hence more expensive.

For armor-piercing shot, it should ba noted 2-283. Theory of HEP Shell Prrf--ormanye. The
that the thickness of the armor to be penetrated theory for HEP shell phenomena is still being
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developed and the theoretical treatment has not The minimum-velocity limit exists because
yet reached the stage where engineering design fuze functioning time and shell crush-up on
criteria can be furnished. The presentation the target are not properly coordinated at low
below is a p-trely descriptive account of the velocities. At present, it is unknown whether
mechanism of "spalling." the fuze action is too fast or too slow for the

shell; either one of these is possible. The
Interacting Wave Front Theory. When a charge minimum-velocity requirement is a serious
of explosive Is detonated in contact with a flat handicap in the development of HEP shell for
steel plate, the explosive energy is transmitted recoilless weapons. There should be sufficient
into the plate normal to the surface. The shock delay time in fuze functioning to allow for
wave produced in the steel is reflected from proper shell deformation. At high angles of
the rear surface of the plate as another shock obliquity, the delay is shorter than for low
wave. The shock waves meet at some line angles. Beyond that, not much is known about
within the steel, and reinforce each other, HEP fuzing requirements.
though not simply additively, as with purely
Alastic stress waves. If the charge is suf- 2-285. Effect of Spaced Armor on HEP Shell. 1

ficiently great (the height and shape of the ex- The British have done a considerable amount
plosive in contact with the plate are important of firing of HEP shell against spaced-armor
parameters), the steel ruptures and a spall is structures, and have found that this ammuni-
driven off the rear side of the plate. This ac- tion can be rendered ineffective by skirting
count has been overly simplified for present armor, which prevents the shock wave from
purposes, and it is probable that. not only -.hock reaching, and being transmitted through, the
waves but a complex interaction of elastic main armor plate. Spaced armor (consisting
stress waves play an inseparable role in the of a layer of sponge rubber between the skirt-
mechanism of spalling. ing plate and the main armor) has been found

effective in preventing spalling by HEP or
2-284. General Principles of HEP Shell. A "squash-head" shell.
squash charge is most effective when it is in
the form of a flat cone. Since the explosive 2-286; Accuracy and Time of Flight. The ac-
must adhere closely to the surface, it cannot curacy of HEP shell is generally better than
be crumbly, but must have soft plastic prop- HE shell fired from the same weapon. The
erties like. putty. Composition A-3 has proved time of flight is generally greater than that of
to be best among the various fillers used, while HE shell because of the '.A.. . !lunt nose of
C-4 is the second best. (Cast explosives of the HEP shell, which is required for comparable
TNT or Composition B type do not give HEP stability.
action.)

2-287. Temperature Effects. HEP shell are
For the chemical composition and properties not affected at temperatures of -65 to +125°F.
of the various explosive fillers, refer to table Temperature effects upon shell performance
2-8, "Characteristics of High Explosives." The differ for the various explosive fillers.
spalling effect is produced best with explosives
which have a high detonation velocity. 2-288. Effect of Nose on HEP Shell Perform-

ance. Variations in nose material, nose shape,
The most serious limitation to HEP shell is nose length, nose hardness, and nose thickness
that they do not function satisfactorily outside can have a marked effect on HEP shell per-
a range of striking velocities from 1000 to 2000 formance, as follows.
fps. The maximum velocity limit exists be- a. Nose- Material. The explosive shape at
cause deflagration of the explosive filler oc- time of detonation is very important in causing
curs when HEP shell are fired at velocities a spall. Because of this, it was thought that a
above 2000 fps against plate with 0° obliquity. softer nose, like annealed copper, might be
This condition makes it necessary to lower more suitable. However, tests showed that the
the velocity of HEP shell for guns and howitzers annealed steel nose gave better-results.
below the velocities of other ammunition for b. Nose Shape. The accepted nose shape is
those guns, thereby preventing ballistic match- the ogival one. This has proven better than
ing. either a hemispherical or convex nose, which
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originally were experimented with because of mietal icrerase's. Tit(' di~fference'c in perform-
the belief that the ogival nose might cause ancc' of armior of two degrees at toughness will
"pinching" of the explosive filler, between the bet the greatest at lower temperatures. Weight
folds of metal, in deforming on impact. lit and velocity of spall fragments invrease with
addition to the better explosive effect, the blunt increasing brittleness of rolle'd honiogc'etous
ogive also has better ballistic characteristic's. armior.

c. Nose Length. The longer nose is the( A. The( spalling and cracking of rollvd Ilona-
more preferable, as it provides a greater con- genvous armor inc'reaises as thte tormpt'raturv
tact area upon impact. However, care must be decreases.
taken in manufacture, as there is a danger of
telescoping, subtracting from the contact areac. 2-290. One-Piece HEP Shotll. The first e'x-
More exact data on nose length is not available. pc'riniviltct HEP shell werv miade front existiung

d. Nose Hardness. Although it would seem smoke shell cases. Tht,' first original de'signc
that a more brittle nose would shatter and of HIEl shell tin the( United State., was of two-
scatter thie filler, not enough tests have boon pive' const iuct ion, and was a copy of the first
conducted to state conclusively that brittle steel British mcolc'ls. Ont'-pi('ce shell were devel-
would be less effective thtan more ductile steel. opeci in order toc lowc'r cost. They have proven

e. Nose Thickness. A thin ncose gives better to be as good is two-pi,'cc' shell in regard to
results than a thick nose, but it cannot be too Icr i cina itbalIlistIic s, and aliso) havv several othct'r
thin or it would not withstand the( exp~losiv-t' ailvantag's. listed here.
filler pressure'. Various gages of anne'aledi I. Production costs are. lss.
steel have been used. Data canl be, obtai ii(d for 2. Unicformicty o1 productionic s heft,'r.
all the experimniltal models in the( ''Rese'arichi 3. I'c ipi pncitt on hcandi woulId le it' t't 'r uti -
and Devvlopment Reports"' of the Cha mberlain cc i itd.
Corporation, Waterloo, Iowa. 4. Hiighct'r vc'loc'itcts could bte attaccit'd.

2-289. General Ctonclusions onl HI1'P Pe'rform- For de'tails ccIt ticv c'tctstiic'ticn (Ai clic-piect'
anes Static Cha rge's. Conic'losi ons ch've'iopt'd sltI.c'eitc i'ton.

fromt various tests at ti(,' Awi-t'dev'n Prcvicog
Grounds ar' listed be'low. 2-291. Statics tif 111ii1) Shvll D'vt'lcpzncnt anid

a. If the charge' weight is htit'lt 'ctistanit. tic(, .t ic' ct''t iit'
weight of the' spill dcsplacet'd b% cylindric'al .

charges will incrc'asc' as the, rharge diani'tt'r hitct chc't,'ccccn b'yn',rn Lvsigic'an A'icttica fo

is increased, up to the pcincct whcere thlit c ha rgt'v ~ lt to acnt, itt cc. Mo c' ' Wic ck -is a. Is forizi

will have less than thce mi ciniciniu thickness rc'- dciiE' ttel a~c'in Scul work tee ist co so beinegi'

qui red to displace spalls. dnt s oio h xsigkolde
b. The area of a displaced spall is usually dc'riv't friuom c'xltri nitictal sht'll. to timak,' stan-

slightly greater than the area of the c'hargei' ccrcns h thtIrao Io h ako

contact with the plate. niuonc iclusi','t informiat ioni i: tha~t i-ot cicough

c. Explosive charges in the shapt' cc a coni tomts have tci't'n ctcnductcd. Sp'c'ific data tin thle
frustum are more elffective than anl equal weight tvpic cc f exper imogenta spicr van the obinct'aine
of explosive in cylindrical shape.f oi)IiPrgesRpto hCamrln

d. The most effective shape of a charge is a Corpocratiotn. til Contract DA- 11-022 -ORD-662.

frustum of a right circular cone. Ani oblique
circular cone is not as effective. Cccnscdt'ratlt' lt'ccrt'ii'al ancd experimental

e. Tough, ductile armor is spallc'd I'j.s, wctc'k oin HIIEI pchon'i',en'a~ cs being conducted
.readily than higher-strength, more brittle' ar- at Stanford Reusearchi Iunstitute'. and a rigorous
mar. As the ductility of armor decreases, flit nat lit'nmat cial treatnit'n! l tcihit mechanism of
extent of spalling and cracking of tile parc'nt spalling niay bec fou~nd tin rvfc'rence 2.
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SPECIAL PURPOSE SHELL

INTRODUCTION The burster charge of the explosive-burst
shell breaks the shell and also disperses the

2-292. Function of Special Purpose Shell. The filler. The burster charge is a high explosive
special purpose shell described in this section of relatively low detonation rate, which may or
are designed to achieve the following terminal may not be contained in a metal burster tube
effects (table 2-34). loeynted axially in !he shell.

Table 2-3.1 2-293. General Description of Special Purpose

Shell.

Shell Tactical function Illuminating Shell (see paragraphs 2-294
through 2-307) contain a parachute and flare

Illuminating Illumrinating, sigiallinKi (sometimes called an illuminant assembly),
which are ejected from the shell. The flare is

Colored marker "l:trget inldinlor for ground then suspended in the air by the parachute and
and psportinlg air torces light, up a desired area for the specified time

WI' (white Screening, ..pollng, ai,,ti- of burning. Support of the flare by means other

phosphorous) personnel. inL'cenldiary than parachutes is being considered.
Colored Marker Shell (see paragraphs 2-308

Colored smoke Control battery fire, through 2-318) contain a high-explosive core
identify troops and targets surrounded by a brightly colored dye. The

burster explosive breaks the shell open and
provides the heat energy to vaporize the dye.

Liquid-filled Dispersion of chemical When the shell explodes, the dye is dispersed
warfare agents to form a cloud of colored vapor.

WP Shell (see paragraphs 2-319 through

2-328) contain a filler of white phosphorous,
through the center of which passes a metal

These shell, which are all fired from large- tube filled with a high-explosive burstercharge.
caliber (20-mm or larger) mortars, howitzers, The burster charge is designed to open the
or guns, are made to function by base ejec- shell and to disseminate a low-lying cloud of
tion, separating burst, or explosive burst. WP.

Colored Smoke Shell (see paragraphs 2-329

The base-ejection shell is normally psed for through 2-336) contain canisters filled with a

guns and howitzers, but old-type mortars also dye composition. When the canisters are

use a base-ejection shell. A base plug is re- ejected, they fall to the ground and the compo-

tained in the base of this type shell, by the use sition burns, emitting a colored smoke screen
l shear pins or shear threads, until the burn- for a specified length of time. The smokelgof thear ejions csheargehinathe shell develp bu trails out along the ground increasing in height

ing of the ejection charge in the shell develops and width as it leaves the burning source.
sufficient pressure to shear the pins or Propaganda Shell (see paragraphs 2-337
threads. Either a single- or double-ejection through 2-343) contain leaflets or other propa-
charge may be used. ganda materiel. The materiel is usually ejected

from the shell about 150 feet above ground, for
The separating-burst shell is normally used best coverage of the target area, but is some-
on newer type mortar shell (see paragraph times ejected at ground level for pinpoint
2-307). It is similar to the base-ejection shell, targets.
except that a shear joint divides the shell Liquid-Filled Shell (see paragraphs 2-344
approximately into two halves, through 2-349) are similar in design to the
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/ SHEAR PIN I/ PAHACH OTE r CANDLE

/ ~ I / /t EJECTION CHARGE

BA SE .1 / ',*/

PL UG1 l- I •_ "•>FUZE

TWIST...

SPLIT SLEEVE

105 MM M 314 ILLUMINATING SHELL

Figure 2-114. Base ejection shell - shear pin type (105-mm M314 illuminating shell)

PARACHUTE SUSPENSION

DECELEROTOR LINK CANDLE • SECONDARY

BASE PLUG "HARGE NOSE -PLUG FUZE

-W! C CARGE

~-*- -*-- - r- ~--DUAL DELAYS
ALINKAGE CANISTER

SHEAR THREADS RETAINER (SUB-PROJECTILE
SPLIT SLEEVES .

105 MM T107 ILLUMINATING SHELL

Figure 2-115. Base ejection shell - shearthread type (105-mm T107 illuminating shell)

Ejection from this type of shell is accomplished by means of an expelling charge. The base may be
either of shear-pin or threaded design. If a shear pin is used, a twist pin must be used to prevent
rotation' of the base relative to the body. The threaded-base design permits loading in the field
(multipurpose shell). The illuminating shell is fuzed for ejection at 2,000 feet; the propaganda shell
is fuzed for ejection at about 300 feet; while the smoke shell is fuzeo for ejection on the ground or

* in the air.

WP shell, except that their water-like liquid ILLUMINATING SHELL
fillers require more rigid fits andhtolerances
to seal the shell against premature leakage of 2-294. Introduction. Illuminating shell are es-
the contents. The design of these shell is con- sentially parachute flares specially housed in
trolled by the Chemical Corps. shell metal parts for launching from artillery
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weapons. This type of ammunition is used for The parachute must be moving, slower than
the -placement of battlefield illumination at the 500 Ips to function properly. However, if the
ranges covered by such weapons. Wherever ejection charge is too large, the space avail-
tactically feasible, illumination by howitzer able for payload is reduced (see paragraph
ammunition is preferred, but when necessary 2-307). The burning time of a rotating candle
mortar-type illuminating shell are used. (above 2,000 rpm) is only about half tfiat of a

stationary candle. A solution to this is to stop
2 -295. Design Elements of Howitzer-Type Shell. the rotation. (See paragraph 2-301.)
In considering the design of illuminating shell,
the design of a particular shell representative The setback force that occurs when ammuni-
of most illuminating shell will be described tion is accelerated in the weapon is the chief
here. The shell described is the T107 howitzer- force encountered In ammunition design. In
type illuminating shell, parachute design, the destructive force ex-

2-296. Tactical Requirements. In order of im- erted on a parachute varies with the square of
pracilluminating shell are used for: velocity at the instant of parachute opening.

a. Spotlighting enemy positions while fi. lendly chute designcbutfitorselsonthenchied criterio
troops are being deployed for attack , cuedsgbti sas h he rtro

b. General lighting for observation and ad- in the engineering applications of a parachute
justment of ground fire to an illuminating shell. Parachute design is

c. Continuous lighting to repel massed enemy discussed in paragraphs 2-365 through 2-370.
attack

d. Intermittent lighting to prevent or detect 2-298. Shell Metal Parts Design. With one
infiltration, exception, the selection of materials for the

metal parts of illuminating shell is based on
2-297. Terminal Effects' Limitations. There three considerations: cost, weight, and strength.
are several interrelated and opposing factors The use of the end item defines which of the
affecting the design and use of illuminating three is the most important factor. Thus,
shell. These include: aluminum split sleeves are used in prefercnce

a. Optimum height of shell functioning for to steel because the saving In weight out-
minimum light intensity over a given balances the increase in bulk necessary for
area strength. In general, aluminum is to be pre-

b. Relationship of candlepower to burning ferred where strength is of little concern.
time

c. Relationship of candlepower to candle 2-299. Base Plug. The original design of the
rotation base plug for the T107 shell was as pictured

d. Relationship of candle size to parachute in figure 2-116a. Its principle advantage was
size lower cost, because of its small size. It

e. Limitation on position of center of gravity proved inadequate in that the setback force
versus position of center of pressure as exerted on the plug approached the shear force
governed by size of flare required to shear the pins holding the plug in

f. Interchangeability in field for different place. Another faii~ng was that, because of the
tactical uses. tolerances involved, the split rings were, not

always in intimate contact with the base plate.
The optimum height of illuminating shell is a Consequently, there was a good probability
basis on which candlepower requirements may that at setback the plug might be pushed f or-
be established. (See paragraph 2-366.) The ward into the parachute, thereby fouling the
length of time the flare is in the air is based chute arid lessening ejection velocities by al-
dn parachiute design and the special require- lowing propellant gases to escape. The new
ments o1 application. With these requirements design (figure 2-116b) eliminates this type of
and a knowledge of the intensity and burning failure because the plug shoulder prevents
time of the candles used, an attempt may be forward motion of the plug.
made to design to meet the requirements. The
tendency in optimum design is to slow down the To design an optimum base plug, two opposing
speed of the payload before the parachute opens, factors must be resolved:
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conlsideriror Ibe shell to) he ai thick-wle
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NEW A l A I . -2 (30)

Figure 2-116. Old andneiu base ty('lns A2=3 11 2 , lt /

a. The amiount of pressur'e necessary to
shear the pins or threads (whichever is. used) A, is fixe'd by the shell s-ize. Sincve the T1074
must be less than the precssure required to base plug diameter is 3.375 inrch,
cause failure in any other part of the shell.

b. If the shear resistance of the plug is 32W)
low, the effective ejection pressure will be A= (3.3il7ll.)21

low, resulting in low ejectionl ve~locities. Loww
ejection velocities are undesirable in that the At the rotating band, where this helis pre-
resultant absolute velocity of canister' and sulled to fail,
parachute is too great to permit per'fect para-
chute functioning. For proper design, sonie
compromise must be made between extrenies Ho 3.090 anrd R1 =3.9410

of pressure.

thus
The method for designing the base plug shear
threads will be illustrate byt3.fll9ig4 2 - 3.092 -

ample, in which A2  (.4(32)
S1 = tensional hoop stress at any point \3 \3942 .3.09/

on the inner surface of the propel-
-lant chamber -wall A2  U.655 in.2

Ro= internal radius of shell at point of
calculation of S1  Assuming 3.375 diameter standard threads and

HIII external radius of shell at point of 1,*3 efficiency of threads
calculation Of Sl Maijor diameter = 3.375

S2 =shear stress onl threads of base plug Minor diameters= 3.3167
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Assume a setback force of 10,O00g in the shell.
Then, the total force on the segments is

• t

Q =4 x 10,000 = 40,000 lb

If the segments act as columnis, then Ritter's
formula for columns can be applied

Sc • A OD I

Q = Figure 2-118. Wall thichness diagram

7I . • .2hE safety of 0 = 1.4. There still remains the

where: number of split sleeves to specify: the re-
sults of static compression tests on split

Q = external load 4 sleeves of three materials are given below.
onduced colum s= 4,0lbThe values given in table 2-35 represent Sc

Sc = induced stress=

Scy 35,000 critical* at failure.

A = area of section Table 2-35
Scy = compressive

yield stress 35)000 psi (aluminum) No. Sleeves 24
E = modulus of

elasticity 10 x 106 for aluminum 6 is'r alunminum :17,500 33,900 37.600
1 = length of section 3 7/8 in. is for T107

= radius of 4130 steel 98,900 106,i00 1(1,b, o
. gyration 0.12 in. 1025 steel 73,200 77,600 H1.100

n =a constant=2 =_ _ / 2

It is noteworthy that no significant point of
Substituting in equation (failure variation occurs with variation of the

35,OOOA number of sleeves used; therefore, since in
Q = 40,000 =general it is desirable to keep the number of

1 +13.87 2 35,000 parts to a minimum, the best design would

0..12 x2 x 2 0 call for two sleeves. However, experience has
. shown that the use of only two sleeves causes

poor canister ejection on account of binding of

or A 40,000 x 1.18 = 1.35 sq in. the sleeves; this fault is overcome in practice
35,000 = by specifying three sleeves, with the use of

Assuming an 0. D. of 2.87 inches (figure2-118), four sleeves as a second choice.
where 2-301. Decelerotor. To minimize parachute

damage, it is desirable to incorporate some

A =Dt = 2.87 -t = device to decelerate ` canister between first
t = 0.140 in. and second ejection. .-iginally, the Navy con--

tributed the idea of housing the parachute and

candler within a subprojectile, so that it could
he of metal. tumble during a secondary time delay, thereby

iic represents a minimumthickness losing some of its high velocity (approximately

Thus the 1. D. is 2.87 - 2(0.140) = 2.59 inches 1,100 fps)-. Three factors influence th6 selec-Thusthe . D is .87- 2(.14) = .59inchs, ion of a suitable deceleration device.

The actual I. D. of the T1n7 split sleeves is

2.447 inches maximum, which gives t = 0.20 a. Deceleration efficiency, defined as the
inches, representing a reasonable factor of rati) of velocity reduction in a given time in-

terval to the total extra volume occupied by

*Critical design stress is tne point at which Sc .Sc', the device in the shell._ CONFIDENTIAL 2-165
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b. Cost of item. with drag coefficient CD = 1.2; canister load of
c. Ease and reliability of deployment, five lbs. Neglecting effects of gravity,

To date, three methods have been used or pro- M FV = F - APCD v2  (38)
posed as deceleration devices.

a. Small deceleration parachute. where all quantities are as defined inparagraph
b. Decelerotor (figure 2-119), consisting of 2-368. Substituting in (38),

two semicircular steel plates mounted eccen-
trically on the rear of the canister, which swing 5 dv 024 x 2
out under centrifugal force, thereby causing an x x 0 . 0024 x 1.2v
air-braking action.

c. Use of the split sleeves as a brake by
attaching them to a swivel. This procedure in- clearing fractions and integrating:
volves complications, since it can only operate 140
after second ejection, before parachute deploy- v = t + 0.2
ment.

which is the desired relation between time and
velocity. Similar results may be obtained from
curves shown in fieures 2-120 through 2-124,
which give various values of initial velocity
vo versus time and parachute diameter. Since
the volume and weight of the packed parachute
increases as the diameter squared, it is de-
sirable to keep the parachute as small as
possible to achieve the required deceleration.
From the curves, it can be seen that it is pos-

UNDERSIDE VIEW OF DECELEROTOR sible to reduce the velocity below 200 fps. This
BLADE SHOWING SLOPED CHANNEL represents the maximum diameter parachute

to be used in this instance.

The decelorotor is currently used in the T107
shell and is pictured in figure 2-119. One
surface of the rotor blade is pitched so that the
airscrew effect as it rotates retards the for-
ward velocity of the canister, while a com-

. ." ponent of force acts opposite to the direction
of rotation of the canister, retarding canister
rotation. It is difficult to calculate the total ef-
fect of the decelerotor, since its rotational
velocity varies while it is functioning. Ex-
perience has shown that more velocity reduc-
tion occurs from the use of the decelcrotor
than occurs due to tumbling, or by use of a

DECELEROTOR WITH BLADES flat plate of the same surface area. As a re-

FULLY EXTENDED suit, a parachute with a larger, lighter canopy
Fran be used without fear of tearing.Figure 2-119. Derelorotor

2-302. Design of Small Deceleration Parachute. The swivel that had been used up to the present
To calculate the deceleration caused by a small was for the purpose of allowing free rotation of
deceleration parachute, we may assume a four- the candle while the parachute was braking.
second delay between first and second ejection. This minimized malfunctioning caused by twist-
The following calculations are made for a 700- ing of the shroud lines. In the present T107,
fps initial velocity; one-foot diameter parachute which has a nonswiveling attachment, few cases

2-166
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Vo 500 ft/sec

500 - I ,,

400

300
S• ~~~~D=O.5 ft ,/D.,f"

/ D=l.Oft

200

100

0 _

t(sec)

Figure 2-120. Initial velocity (tve) as a function of time and parachute diameter
(ve =500fps)

of twisted shroud lines have been found, because 2-303. Design of Ejection Charge. Of major
of (1) use of nylon shrouds instead of steel; importance in attaining optimum performance
(2) rotational deceleration imparted by the of the shell is the quantity and kind of primary
decelerotor. In addition to elimination of the ejection ch,,rge used. Since it is desirable to
swivel, another advantage is gained by reducing reduce the canister velxoity before secondary
rotation; that is, high-speed rotation reduces ejection, and since the velocity of ejection re-
burning time without any increase in candle- duces the forward velocity of the canister, in-
power. It is believed that unburned illuminant crease in ejection velocity is desirable.* Sev-
is lost by the action of centrifugal force on the eral requisites govern the choice of the charge
flare composition-, causing it to break apart, material. It must

The design of the remainder of the metal parts a. Possess high energy content
does not seem to be critical, since little evi-
dence of mechanical failure has been noted in *U t. point, that is. tit wtih tit vvltwiiv iS So
tests to date, and since their design depends high that some( projpt,wlnt rermainas unburnt d. and
only on their utility. the pairachute tends to sing,:.

CONFIDENTIAL 2167

L .........-



CONFIDENTIAL

70700 f/so

600

500•

400

300
SD0.71 f!

200

100

2 3
t(sec)

Figure 2-121. Initial velocity (Vo) as a function of time and parachute diameter
(vo = 700 ftps)

b. Be relatively safe NOTE: see "Manu- The black powder, so widely used until now,
c. Be nonhygroscopic facture of may be supplanted by a smokeless powder,
d. Be cheap and Propellants," such as IMR powder, which is superior in

available paragraphs most respects. The energy content of IMR is
e. Re relatively ash- 4-4 through almost double that of black powder.

free. 4-6.

S•2-168 CONFIDENTIAL

_ _ _



CONFIDENTIAL

VOO1000 ft/ser

6900

Z 600

400 ___

t (soc)

Figur'e 2-122. Initial velocity (vo) as a function of lime and parachute diameter
(v 0 =D1,O0 fps)

The amount of charge used will determine the a 5-lb load and 1,000 ips initial velocity, the
velocity reduction. It would seem that sufficient total kinetic energy available to the canister
reduction of velocity could be achieved by using at ejection is

enough powder to eliminate the need for ex-
ternal decelerating devices. There is a prac-
tical limit to the amount of powder that may be E M (vj 2 

- v22)
used effectively. If too much is used the can- were
ister will be ejected before burning is com-
pleted, reducing the ejection pressure. Since
most of the charge energy is used to decel- VI = initial velocity -

erate the canister, rather than in shearing the v2 = final velocity.

base plug, a rough estimate can be made to de-
termine the amount of velocity reduction at- Using 1.7 ounces of IMR powder,
tained using a given weight of powder and a
given initial velocity. For 1MR powder, the E =-16 x 348 x 103 36,800 ft-lb
available energy is 348 ft-lb per lb x 103. With

CONFIDENTIAL 2-169
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Voz 1200 ft/sec

1200

1000

Soo

400
/D. 0,71ftf

200

O0 0 2 :3 4
t(390)

Figure 2-123. Initial velocity (vo) as a function of time and parachute diameter
(vo "-1,200 fps)

36,800 ft-lb = 5 (v, 2 
-2) all of the remaining parts is desirable. In-

\32. vestigation is proceeding along these lines.

"V2 730 Ips One major line of study is improvement of the

mechanical properties of the illuminant candles
2-304. Direction of Future Designs. _While the to the point where no supporting cases are
design of this shell has reached the stage where necessary. With the elimination of this metal
it can be frozen and put into production, the part, cigarette burning, and, consequently, more
design is by no means optimum. The only es- light output might be achieved.
sential parts of the shell are the shell body,
base plug, candle, ejection charge, and suspen- Another major field of study is the develop-
sion system. Any method of eliminating any or ment of new types of suspension systems. One
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D0 1.Oft

1200

1000

600
Vo=1200 ft/sec

, -.,"Vo O1000 f t ec

400

-°500 ft/sec

200 -

0 0 t 2, 3 4

t (sec)

Figure 2-124. Initial velocity (vo) as a function of time and parachute diameter
(D= Ift)

promising system is the employment of rotating attained with a system of blades that can fit
airfoil blades instead of a parachute. This de- into the T107 shell.
sign has unique advantages, including better
storage properties, cheapcr production cost,
greater strength, more heat resistance,-smaller Another line of attack is investigation of ejec-

.total volume, higher deployment values, and tion powders. With ejection powders capable of
decreased weight (because several metal parts providing enough thrust to slow the candle
such as split sleeves, shroud cleat, and plate assembly to a reasonably low value, it will be
and cable are eliminated). Preliminarycalcula- possible to discard the double-ejection sys-
tions indicate that descent rates at least as low tern in favor 'of the simpler single-ejection
as those obtained with parachutes can be system.

CONFIDENTIAL
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2-305. Design Elements of Mortar-Type Illumi- time such steel parts were the only available
hating Shell. Although howitzer-type illumi- materials with which to meet the stresses due
nating shell are preferred, as stated in the to chamber pressure and to prevent collapse of
introduction, in some situations mortar shell the tail cone or boom (which houses the ignition
may be used to advantage. Design problems cartridge).
peculiar to mortar shell and not alreadytreated b. Because the tail cone is empty except for
above are covered here. a bit of string and tissue paper, the payload is

less than optimum. Various attempts to use
2-306. Special Design Problems of Mortar this space for parachute stowage hive failed,
Ammunition. Figure 2-125 shows a complete for two reasons: (1) redistribution of weight
mortar round ready for firing. The tail fin unbalanced the round; and (2) the parachute
assembly includes the percussion primer, Ig- had no effective provision for vacating the tail
nition cartridge, and propellant increments, cone. The candle arnd cone tumbled in tandem
The shell metal parts consist of a tail cone down to the ground.
and body fastened together by shear pins. c. At one time, a cup and compression
Between the face of the candle and the fuze- spring were fitted into the cone, and the nose
ejection charge is an assembly of chipboard, was weighted to compensate so that the round
felt wadding, and interlaced quickmatch that would be stable. This device was abandoned
protects the surface of the candle from the because the tumbling of the tail fouledthechute.
pressure of the ejection charge, obturates the
gases from reaching the parachute, and simul- Figure 2-126 illustrates a complete mortar
taneously ignites the nongaseous first-fire round similar to the 60-mm illuminating shell
composition on the surface of the candle. which functions the same way at burst, except

that it uses a time fuze.
Firing of the round initiates the fuze. At burst,
the ejection charge pressurizes the nose cavity 2-307. 4.2-Inch M335 Illuminating Shell. Fig-
until the shear pins give way, so that body and ure 2-127 shows a mortar round which is com-
fuze are projected clear of the load. plete except for the propellant increments and

a. It can be estimated that this round is fuze. Development of this shell was started by
-only marginally stable because the steel boom the Chemical Corps during the last year of
and the heavy tail cone locate the center of World War II and represents a conversion of
gravity close to the center of pressure. At one a chemical shell by making a removable base

TAIL FIN ASSEMBLY
AND PROPELLANT

-FUZE
PARACHUTE /-CADLE w EJECTION CHARGE

SHEAR PINS- SPLIT SLEEVE\
BAFFLE SUSPENSION LINK

Figure 2-125. 60-mm M83 illuminating shell
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I TAIL FIN ASSEMBLY

AND PROPELLANT PARACHUTE -CANDLE /-FUZE• / W/EJECTION'

S. -CHARGE

SHEA S SPLIT SLEEVE \

...BAFFLE -SUSPENSION LINK

Figure 2-126. 81--mm M301 illuminating shell

plate and inserting components copied from In this design, the swivel attachment brought
Navy star shell. Unlike most other mortar the shroud lines so close to the candle that
shell, this shell is spin-stabilized. On ignition heat and flame tended to destroy them. In an
(at bottom of the mortar tube), the chamber effort to solve this problem, the Navy used
pressure acts upon the pressure plate to force steel aircraft cable for shrouds. Army ex-
the brass obturating cup outward, where it perience with steel cable has been unsatis-
engages the lands and grooves in the tube to factory because (1) the heavy steel shrouds
Impart the twist, often damage the parachute; and (2) centrifugal

force and setback kink the cables during fir-
The functioning of this shell is the same as that ing, and upon shellburst the kinked cables
of other mortar rounds. The ejection charge tend to whip and flail and inflict damage on
discards the shell body and fuze, so that the the unfurling parachute.
remaining components can separate in the air-
stream, where the parachute will open and In order that the loading space in the shell
suspend the burning candle. might be used more efficiently, and that the

IGNITION AND
PPROPELLANT ASSEMBLY PARACHUTE CANDLE

SHEAR PINS AND ZSPLIT SLEEVE SUSPENSION LINK -EJECTION CHARGE
TWIST PINS---

Figure 2-127. 4.2-in. M335 illuminating shell
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arrangement of parts might be simplified t- The re still some design refinements, such

lower the cost of manufactuix the spi,arating as the following, necessary in this type of shell.

burst principle was established. Features of a. The shock absorber occupies valuable

tilt, separating burst principle are displayed in space. It still must be proved that the energy

figure 2-128. A separating' charge is placed in used to straighten out the tough steel coil is

the center of tile shell to separate the two absorbed during the shock of parachute open-

halvev. from each other at the shear rings. ing. This design should be compared to that

The resultant oppotfite motions of the two without the shock absorber.

halves allow the p:-rachutv to he placed in tile b. Tile separating charge should be acces-

rear half and to be yanked out when it reaches sible for inspection during long-terni sur-

tile limit of tie suspension cable. The front half veillance. A suggested solution is to omit the

of the shell is the case for loading tile candle; centrally located separating charge and tomake

this eliminates the double container fornierly the single nose charge perform the functions of

required. li addition to housing the parachute, both. The use of a slow-burning propellant and

tile tail cone supports the setback weight of stronger shear pins on tile fuze adapter than on
tile candle directly; thus, split-sleeve supports the tail cone may make this feasible. However,

are not needed. test firings of this arrangement have been
limited, and the shear strength proportions
required for proper control are not yet known.

Figure 2-129 illustrates a complete round de- c. The weight of tile steel tail cone of the

signed to function by tile separating burst prin- fin-stabilized round moves the position of the

ciple. The shell metal parts consist of the tail center of gravity too far to the rear. Other

cone, the body, and tile fuze adapter, all of materials may be suitable instead of steel.

which are fastened together with shear pins.
The baffle plate that protects the parachute Figure 2-130 illustrates a complete mortar

has a connection on its other side for the sus- round being developed with an all-plastic shell
pension cable. In this design the cable is body. Both tile tail cone and the candle body
threaded through copperclad steel tubing and are made of a phenolic-type plastic. Sample
formed into a tight coil, so that it functions as tail cones .(molded of glass-filled phenolic)
a shock absorber. The separating charge is were tested for the ability to withstand a non-

assembled from tile rear and retained by tile destructive load of 6,700 psi, equivalent to 112

cable connector with sufficient clearance for percent maximum rated pressure of tile mor-
gas to enter the cable cavity and press against tar. It is considered that this static criterion
the baffle plate to shear the pins. The body results in an overdesigned part. But modifi-
contains the illuminant composition and thus cation will have to wait for considerable bal-
becomes the candle assembly when the shell listic experience in the absence of any realistic
separates. dynamic test method.

TAIL FIN ASSEMBLY PARACHUTE CANDLE FUZE

SHEAR PINS

SUSPENSION LINK CARTRIDGE EJECTION CHARGE

Figure 2-129. 8fl-mm T21.1 dlumiaml. .1( shll
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In this shell the strength of thc c~andlec srue 2-309. T. tical It quicemenits. Colore-dumiaker
presentbd .1 special problem. In addition to shell are use(] in udaylighct as:
withstanding the setback load, the case must a,. Target indicators for supporiting all-
stand upl under the pressures created by the forces
pressing of the composition. It was stated by 1b. Target indicators and general markers
the development contractor, after initial test for ground forces
of candles molded with chopped-glass fiber, c. Target markers in art illery tprav'tlic.
that thie candle comp~osittion tended to crack the Figure 2-131 illust ratesa:Irvp~reseiitat ivI type
ease upon curing. Thle experim~ce of Picat inny of coloredt ma~irker shell. It is des ired tha~t thei
Arsenal indic ated that such cracking is most colored marker shlvl be designed to mevet the
likely aI result of i mprop( r curing of t he following reqiuire ments:
molded case. Picatinny also suggested that a1. Shell burst is to occur aiivwhvire bet ween
phen olics other than glass-f ilied coould be used ground level and 250 feet above g r ound.
for bettecr tuoldab ili ty and bet-Ier control 1). Mia rke r c loud is to be (tense and cocmpact,
of burning characteristirs, because sPtback and is to lpei's~t in recognizabtle form front
51 resscs are not as severe inl the candle case I15 seconds for 75-mm to 75 seconds for 155-
ais Iin tile tail cone. Fu rthier work along these 111ni shell. 1.
I iiv.s by tht, c ontrac tor produced .a sat is factory v. Ag a inst a ny background, a col or must be
caise inioldod of aIli a1sbestos-filled phenol i c. avail able whirch will be visible to air obs erveris

it from 3,000 to 8,000 feet, depending on thet
COLORED MARKER SHIELL calI Ibe r.

d. Marker (,loud is to formn immediately
2-306. Introduction. The colored marker shell upon shell burst without any build-up period.
protuces a colored cloud due to vaporization v. Red, yellow, and green marking colors
and condensation of the dye. Tile dye is dis- must be uiiniistakab~ly recog~nizable in hue.
perseci by a burster charge consisting 'of
high -explosive core (baratol is the present 2-310. Terminail Effec-ts'__Limiitations. Three,
standard) which is cast in 'the center of th(lratrstcietrie the value of colored
pressed (present standard is 12,000 psi) or clouds:
cast dye. The high-explosive core is separated a. Color

*from the dye by a double coating of acid-proof b. Duration
*black paint. Unlike the base -eject ion smoke c. Size'.

shell, the cloud produced by the col( -,I marker%

composition, but the energy of thle bu ester observer and background, but inst rumentat ion

cha rge both vaporizes the dye and fractures is beingý dev ised to eliminate human error. The
the shell wall. colors whivih have beeni found most practical

SHEAR RINGS
TAIL FIN ASSEMBLY PARACHUTE CANDLE FUZE

. ........... . . . . ... ... ..

SUSPENSION LINK CARTRIDGE EJECTION
CHARGE

Figiirc 2-130, 60-mon T'I3 diluminuling shell
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\-SMOKE CHARGE BURSTING CHARGE/ -BURSTING CHARGE, FUZE'AUXILIARY...- \W/BOOSTER

F7
. . . . . . . ... .. . .

Figure 2-1-41. 105-mm All colored marker shell

to use, in terms of visibility and unmistakable shell body. The loading assemibly is designed
identity, are red, yellow, and green. Violet is to match the ballistics of standard HE shell
used, but is not recommended because of at- within 0O.5 pounds. Both characteristics facili-
mospheric selective absorption of the blue end tate firing in standard. weapons, with the use of
of the spectrum. Haze, fog, and rain reduce FE firing tables. The colored marker shell
visibility. For optimum visibility, it is desir- dues niot require a special canister to retain
able to have as dense a cloud as possible. the dye composition, but uses the s"ell body

for that purpose. Consequently, any dye chosen
Against a sky background all colors becore must be compatible with the metal or plastic
gray and indistinguishable at a distance sbl- of thle shell.
ficient to counterbalance the color intensity.
With respect to the position of the observer 2-312. Access By h Parts' Design. The marker
relative to tie sun, it may be stated that look- satl should be signed w ith a he cvt o
ing in a directiot- normal to, or ubliquely into, acomdt ihramehncltm ue
the sun, the color of the cloud will appear Of a te the c al me she,

lighter hue than if seen with the sun to the rear VT fuze, or pointr-detonating fuz. Fuzing should

of the observer. Ground impact usually reduces be set to function just above ground or in the

the vividness of the color because of the etix air-

tgreao adir and dbistingu thae clou d.sac u- oftese

fitThe explosive train should be initiated by sup-

The greater the color saturation, the longer will plementary charges for mechanical time fuzes

a given color be recognizable as a specific and by standard boosters for VT fuzes. As a

color; that is, red will be seen as red rather general rule, a booster should be used that

thn pink adThe higher thle wind velocity, the provides just sufficient energy to transmit the
sotersun the du ionr of the cloud. It has been initial shock wave to the initiating charge

sihoter thue drthnio en withut nthreriguwih to opratonroeth

observed that clouds experience a longer du- with t fntin wit aboperon of the

ation at -altitudes above 1,500 feet. item under development.

The relative effectiveness of burning- versus 2-313. Filler Design. Tmhe following fctors
bursting-type shell has not yet been investi- rire to be considered in the design of the filler
gated. lrr marker shell.

a. Kind of burstei
2-311. Shell Metal Parts Design. The body of b. Kinds of dyes
nbarker shells is usually identical with the HE c. Ratio of dyes to diluent
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d. Ratio of burster charge to smoke charge order to simplify calculations, conversion fac-

(static evaluation tests have been con- tors and constants are included in a dimen-
ducted to determine the best ratios), sionless factor (K). The charge of tetryl bursterl required is given by

Research has shown that the problem of col-
ored smoke is too complex to be solvable by Wc = KW (Y + U) e - K'
varying dye, diluent, and explosive ratios.
Basic chemical and physical control of col- where
ored smoke cloud has not yet been reached. We weight of tetryl required, in grams (ill-
A research and development program to ex- eluding initiator)

plore the mechanism of production of colored K a constant, 11.4 x 10-6 to 11.4 x 10-5,
smoke clouds is being continued by SFAL. It depending on caliber. (The exact K can
is not known at present whether the colored be found by empirical evaluation only.)
cloud is a dust cloud or a vapor cloud, or a W weight of steel components of shell
mixture of both. However, the dye composition (excluding fuze and base), lbs
is a mixture of an organic dye and a salt. It is Y yield stress of shell steel, lb per sq in.

':believed that the salt is vaporized by the heat U ultimate stress of shell steel, Illb per

of the explosion to form nuclei on which the sq in.
volatized dye may condense. As standardized, e = elongation factor expressed in percent

the colored clouds are nontoxic in ordinary K'= ratio of caloric value of tetryl to ca-
field concentrations. loric value of other explosive used.

For instance, if value of tetryl is 1,100 cal/gm
2-314. Burster. It is known that the shape and baratol is 900 cal/gm, the formula would
and/or arrangement of the burster charge af- be*
fects the cloud characteristics. However, no
investigation along these lines has been con- wc = KW (Y + U) e(ll/9)
ducted for the colored marker shell. This type
of investigation has only been made for photo- 2-316. Filler Materials. Various high explo-
flash bombs. The burster diameter should be sives have been tried as burster materials,
adjusted to propagate efficiently throughout the such as Composition B, amatol, cyclotol, 60-
burster column, and at the same time should mm ignition powder, silas mason explosive,
not be larger than is necessary to just burst and others, but to date it has been found that
the shell at high order. Paragraph 2-315 below baratol 67/33 produces the best clouds If initi-
describes a method of determining the weight ation is sufficient and over the total diameter
of any tetryl burster required, since it is as- of the column.
sumed that the heat energy ot the explosive
furnishes the energy to vaporize the dye. The The current method of producing colored smoke
required weight of any explosive other than is to volatilize a mixture containing an organic
tetryl may be established by the introduction dye. Nonorganic dyes are being investigated.
of a conversion factor which establishes the To be suitable, dyes should have the following
ratio of caloric difference between tetryl and characteristics:
the explosive under trial. In all tests to which a, They should belong to one of the following
this principle has been applied, the results groups:
have proven satisfactory. Azine

Azo
2-315. Determination of Weight of Burster Quinaline
Charge. Sufficient explosive must be included Xanthene
in the burster charge so that when it is deto- b. The following groups may be present:
nated it will just burst the shell at high order. NH 2
At the same time, the charge must not be so RNH
great that it causes excessive dispersion and/ R2 N
or burnink of the filler. The following method Aryl
was derived by assuming that the energy of
the explosive charge is proportional to the *For the relative energy values of high explosives,
strain energy required to burst the shell. In see table 2-8.
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Alkyl static tests with ballistic tests for the same
Chloro rounds.
Bromo
Alkoxy 2-318. Discussion of Future Designs. There
Hydroxy have been suggestions of other approaches to

c. The following groups must be absent: the design of colored marker shell, including:
Sullonic a. Homogeneous propellant dye mixes and
Hydrochloride burning-typesmoke mixes
Nitro b. Use of base ejection shell metal parts in
Nitroso present and future filler designs
Quaternary Ammonium c. Application of conical, spherical, or con-
Oxonium tour-shaped bursters

d. The molecular weight must not be more d. Consideration of the application of vari-
than 450. ous methods of mass production loading.

e. The dye must not undergo auto-oxidation.
f. The dye should be volatile or should WP SMOKE SHELL

sublime readily.

g. The dye should have good thermal sta- 2-319. Introduction. WP smoke shell has a
bility and a high flash point. filler of white phosphorus that produces a white

h. rhe dye should have a high color satura- cloud when dispersed from the shell by a high
tion. explosive contained in a metal burster tube in

Typical smoke compositions are given in table the center of the shell. The burster charge is
2-36. designed to open the shell and disperse the WP,

so as to provide an effective shield. A WP
2-317. Discussion of Existing Designs. A smoke shell is considered to have been de-
method has been developed to evaluate color, signed satisfactoril; if it disseminates roughly
size, and persistence of smoke c!ouds under a 30-feet wide by 15-feet high WP cloud, lying
test conditions. It has been found possible to low to the ground, which serves as a shield
match satisfactorily smoke clouds produced by for about one minute.

Table 2-36

Standard colored smoke compositions

Percent

Red smoke Yellow smoke Green smoke
Ingredient MIL-STD-518 MIL-STD-519 MIL-STD-517

Red dye* 42.5 .

Yellow dye t .. 40.0 ...

Green dyet ... ... 41.0

Potassiv," chlorate 27,4 25.0 23.8

Sugar ... 20.0

Sulfur 10.6 ... 9.2

Potassium bicarbonate 19.5 15.0 26.0

*Red dye: 1-methylaininoanthraquinone, 90%;. dextrin, 10%.
fYellow dye: beta naphthalene azo dimethyl-aniline.
lGreen dye: 1-4 di-p-toluidine anthra-uinone, 70.771; auramine hydrochloride,29.3%.
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2-320. Tactical Requirements. WP smoke shell time, all standard WI) shell are designed to
are normally used for: incorporate a steel casing, which has a smooth,

a. Shielding troop movements cylindrical, press-fit surface corresponding
b. Marking targets for supporting ground or to a similar surface of the shell body. The

air forces. diameter of the casing surface is slightly

2-321. Terminal Effects' Limitations. The ter- larger than that of the shell, allowing for a

minal effectiveness of this shell is limited by press fit. When using a steel burster casing,
the resultant cloud density, which is affected by a niininum dilference in diameter (calledn.min-

atmospheric conditions and wind velocity. imuni interference") of 0.003 inch provides the
seal required, whereas use of an aluminumn

2-322. Shell Metal Parts Desin. The WP casing requires a 0.004-inch interference. After
smoke shell is designed to match the ballistics assembly, this press-fit seal prevents leakage
of the corresponding HE shell for the same of the WI) from the shell. Current design favors
gun. The shell body is made of the same stic. an extruded-aluminum burster casiing that can
as that of the HE shell and, if possible, the be press-fitted directly into the shell body
shell body is made of the same forgings. In ap- without the need for an adapter to accommodate
pearance, the shell body is the same as its HE the fuze. This represents a considerablesaving
counterpart, except in the following two in- in weight and metal parts and a j facilitates
stances. weight matching of the WP shell to the HE shell.

a. No base cover is used for the WP shell.
Since the WP is not an explosive, the problem To eliminate whipping and bending of the burster
of leakage of propellant gases through the base easing during firing, a circular well is machined
of the shell to cause premature detonation does in the base of the shell cavity. The casing is
not exist. designed to extend the complete length of the

b. A smooth, cylindrical, press-fit surface cavity to seat in the well.
about 1/2-inch in length is provided to the
rear of the fuzo *hreads (see paragraphs 2-323 2-324. WP Filler Loading. To prevent oxidation

and 2-325). When a fuze with a smaller thread of the white phosphorous filler, the shell is
diameter than the fuze normally used in HE filled by water displacement, and the burster
shell is used in a WP shell, a steel adapter is casing is pressed into position with a 1/8-inch

brazed to the inside of the shell body, just layer of water over the WP filler. The inter-

behind the fuze threads, to accommodate the ference fit of the burster casing prevents

smaller fuze base. When an adapter is used, passage of air into, and leakage of filler out

the smooth, cylindrical sealing surface is in- of, the shell.
corporated in it. 2-325. Sealing of Chemical (WP) Shell. The

seal of these shells is achieved by a-press fit
2-323. Accessory Parts Design. The burster and a microsurface finish of the mating parts.
casing (see figures 2-132, 2-133, and 2-134) A lubricant is used to facilitate the press-fit
is made of steel or aluminum. At the present operation. White lead is used as the lubricant

Figure 2-132. 76-mm T140E4 WVP smoke' slwUl usiing sii•h'-piece aluminum burst,'rtube
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Figure 2-133. 120-mm T16E3 WP smoke shell using steel burster tube,
requiring sleeve and adapter

for steel-to-steel, and molybdenum disulfide is less likely to leak. From a design standpoint,
is used as the lubricant for aluminum-to-steel, the prevention of scoring or galling appears to
Materials similar to "Molykote, type G" have be primarily a matter of providing adequate
been found satisfactory for aluminum-to-steel, radii on casing and shell at the entering edge
The contact area. of both shell and casing are of the press-fit surface, and suitable surface
approximately 1/2 inch in width and receive a finish on the entire press-fit surfaces. Other
32-microinch finish. The steel casing requires factors that might have a bearing on preven-
an adapter and sleeve, while the aluminum tion of scoring or galling are relative hardness
casing, which is still experimental; may be of the mating surfaces and relative wall thick-
cast or extruded in one piece. (See paragraph ness of the press-fit -portion of the casing and
2-327.) shell. All of these factors appear to have been

satisfactorily met in the design of the 76-mm
2-326. Comparison of Aluminum-to-Steel Clc- T140E4 shell (figure 2-132).
sure Versus Steel-to-Steel. It is believed that
for WP filling an aluminum-to-steel press-fit 2-327. Ejection Charge Design. The burster
closure should be superior to steel-to-steel charge is a high explosive contained in a cy-
closure, provided that the aluminum burster lindrical metal tube which is inserted into the
casing can be assembled to final engagement burster casing. Both 70/30 tetrytol and tetryl
without scoring or galling. 4 The basis for this are in common use as burster charges in
belief is that the coefficient of expansion of present shell. However, the former is pre-
aluminum is twice that of steel, and any in- ferred because it is less brisant and does not
crease in the temperature of the filled shell tend to cause pillaring of the WP cloud as does
above the point at which the WP is molten and tetryl, Nevertheless, it is necessary to use
subject to leakage would tighten the seal by tetryl in burster tubes of 1/2 inch or less in
differential expansion of the aluminum. Al- diameter because of loading and propagation
though lowering of the temperature results in difficulties. (Sec table 2-37.) Confinement
a looser fit between the casing and the shell, should be kept in mind, since it plays an iu-
the WP is solidified at low temperatures and portant part in the propagation of the

STEEL S SEALSHELL (PREPSSSEl ) , FIT)

SRCLOSING SURFACE

"• CUP ADAPTER

FLER WP FILLER

ALUMINUM
TUBESTE TUBE •SHELL

Figure 2-134. Cross sections of aluminum and steel burster tubes
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detonation wave through a column of explosive.* COLORED SMOKE SHELL
(See table 2-8.) Table 2-37 gives the limits of
propagation versus minimum column diameter 2-329. Introduction. Two types of colored
known to date. smoke shell are used, the colored marker shell

describei previously, and the colored smoke

Table 2-37 shell described here. Although their terminal
effects are the same, the mechanism of colored

Burster explosive Limiting minimum smoke generation differs for each type shell.
diameter The colored cloud produced by the former is

due to vaporization and condensation of the

dye, while the cloud generated by the latter
Tetryl (pressed) May he used in tubes is actually tie result of burning. Both of these

I/2-inch or less in di- are known as signal smokes. Four colors are
anmeter available: red, green, yellow, and violet. The

70/30 Tetrytol (cast) Ma ' %,be used in tubes last of these is of limited practical use.
larger than i /2-inch di-
arneter (is cut rent stan- 2-330. Tactical Use. Signal smokes may be
ulard of reference) used to:

"T NT (cast) Not used in charges less a. Identify friendly units
than 1/2-inch in diameter b. Identify targets

c. Coordinate fire
liaratol 67/33 (cast) Not used in tubes less d. Control the laying and lifting of battery

than 3/i inch in tdiameter.* fire.

oColu l'etd ia rker shell use I. - inch ii cumn,uClornfinedm. 2-331. Terminal Effects' Limitations. (Seeparagraph 2-310.)

a. Setback may cause cracking of cast or
2-328. Determination of Weight of Burster pressed compositions, allowing flame to pene-
Charge. A formula similar to that used for the trate the composition and possibly cause det-
colored marker shell (paragraph 2-315) is used onatiun.
to approximate the weight of charge required b. The signal visibility of burning type smoke
to disseminate the WP cloud. 3  shell has never been determined.

c. Haze is always detrimental to signal
We KW (Y # We visibility.

c= Wd. The effect of background is important,
but has not been quantitatively determined.

where the symbols have the same meanings in e. Qualitatively, the larger the smoke cloud
both formulas except that: the better. No density versus visibility data

K = 11 x 10"4 and yields wc in grains are available.
W = weight of steel components of shell,

excluding base, fuze, burster casing, 2-332. Shell Metal Parts Design. The colored
and tube, in lbs. smoke shell is designed to match the corres-

Burster charges designed by this method have ponding HE shell ballistically. ln fact, initial
functioned favorably. The quantity (Y + U)e is design may start with a modtified lIE shell.
roughly equal to twice the strain energy ab- In the interests of field interchangcability, the
sorbed by one cubic inch of steel. This equa- smoke shell may be identical to its corres-
tion is applicable when a tetryl charge is used, ponding illuminating shell, with the illuminant
and may be- applied to explosiv. other than assembly merely replaced by smoke canisters
tetryl by applying a correction factor to the (se, figure 2-135). No coating or sheathing of
calculated value of wc. (See paragraph 2-315.) the shell walls is .iecded with filler in place.

2-333. Accessory Parts Design. The smoke

The chlarge used in \I' and liquid-fillhtul she ll s is Ottll) t5iiio of colored smoke shell isctitaited
confined in a b)ur. ister lethe, whe reau s ithe c ha'rgc ust.I iit canist ers within the shell body. The canisters

the colored mr ktet she Ill is not so t-'tili t. iare ejected from the base of the shell wheti the
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shell functions, and the burn-g dye composi- density versus pressure curve of black pow-
tion is spread on the ground. Current smoke der. (See paragraphs 4-21 through 4-51, "Theo-
canister construction consists of a solid wall retical Methods of Interior Ballistics.")
container vented at the top and bottom. The
smoke mixture is ignited by quickmatch in a 2-336. Discussion of Current Designs. Figure
flash tube, which in turn is fired by a black 2-135 shows the body loading assembly of the
powder initiator from the fuze. It has been 105-mm M84 colored smoke shell. The using
found by the using services that the scattering services are dissatisfied with the scattering of
of the canisters is undesirable. A steel can- the canisters and the resultant dispersion of
ister is recommended, since steel does not the smoke signal. It is also desired that a

react with the smoke composition. Magnesium . marker shell be capable of pinpointing a target
is not recommended because it burns too fast. for more accurate adjustment of HE fire.
Currently, plastic canisters which burn at the Another problem is that of sensitivity of the
same rate as the smoke compositions are burning type smoke composition. The yellow
being considered. To date all of this type shell smoke in particular has been borderline, and
use only a mechanical time fuze. has given numerous prematures. With the low

-3. _illerDesin_ The main considerations order detonation of the black-powder ejection
2-334. Filler Design. chaan osdeain
of colored smoke compositions are treated in charge and the smoke mix the prematured

paragraphs 2-316 and 2-350. However, it may shell does not severely damage the howitzer.

be stated here that the increment boundary The components are not believed to separate
must either be so small that no stoppage oi until they emerge from the muzzle, and the shell

burning occurs, or must be provided with a body does not rupture.
material that transfers the heat of burning PROPAGANDA SHELL
across the boundary from one increment to
another. 2-337. Introduction. The role of psychological
2-335. _Eje_.ction Charge. warfare has become increasingly important.

a. For smoke shell using base ejection, it Strategic use is made of warning leafletsplaced
is desirable to have ejection occur at a velocity in the target area in preparation for heavy
equal anid opposite to the forward ve.ocity of artillery attack. Surrender leaflets are effec-

the shell. (See paragraph 2-303.) tively distributed by the same means.
b. It is difficult to determine the gas vol-

umnes produced. However, ejection gas pres- The purpose of the propaganda shell is to dis-

sure is in accordance with normal loadirg seminate information-bearing leaflets over a

- SMOKE CANISTERS

/"

sHEAR -EJECTION CHARGE
THREAD 7

--F UZE

BASE• :" ""-

Figu'e 2-135. L5'-rmn M84 colored smoke shell
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specified area. The area may range in size b. A suggested method of reinforcing leaf-
from an isolated position a few feet in diameter let rolls is to insert a wedge in the core of the
to something as large as a town or village. rell, which will automatically tighten the roll

on setback.
2-338. Shell Metal Parts Design. The shell
metal parts used lar propaganda shell are the 2-341. Ejection Charge. The contents of the
same as those used for the colored smoke or shell must be capable of shearing the base plug.
illuminating shell (figures 2-135 and 2-136). To deliver the load into the air, sufficient
In the former case, smoke canisters are re- powder must be used to:
moved and replaced by propaganda leaflets, and a. Break the shear pins or threads.
in the latter case the Illuminant assembly is b. Provide plus 20 percent excess powder
replaced by the leaflets, as a. design safety factor. (See paragraph

2-303.)
2-339. Accessory Parts Design. Up to the
present time, this type of shell has been de- 2-342. Discussion of Existing Designs. The
signed to function with a mechanical time 105-mm M84 propaganda shell is simply the
fuze. It is expected that future design will con- M84 colored smoke'shell (figures 2-135 and
Sider the VT fuze. 2-136) that is requisitioned in the field, usually

by the Psychological Warfare Service, and
2-340. Filler Design. To be carried in an ar- converted in to a propaganda shell. The base
tillery shell, the 'leaflets may be of any suitably plug is unscrewed, the smoke canisters re-
practical shape. Rectangular 3 inch by 4 inch moved, and the leaflet rolls stuffed into the
or 5 inch by 8 inch paper sheets have been cavity.
found suitable to be rolled into tubes and in-
serted into shell. Circular sheets of a diam- Effective use has been made of the M84, but it
eter equal to the I. D. of the shell may also has not proved very efficient, since approxi-
prove suitable. This shell does not require mately half of the leaflets remain crimped
special containers for the leaflets, but: together instead of being dispersed over an

a. The positioning of the leaflets in the area. The reason is not hard to find. The set-
shell must provide resistance to setback and back weight of the front roll is sufficient to
must eliminate wrinkling of the leaflet rolls, severely crimp the rear roll. Even a single
In this respect, a single roll of leaflets ntay be roll of leaflets is slightly damaged by its own
damaged by its own setback weight. For ex- setback weight. The damage appears as a
ample, the setback weight of a 1.5--lb roll of granular network of cracks with the cracks in-

paper at 10,000 g's is 1.5 x 10,000 =15,000 lb. creasing in number toward the rear of the shell.

-LEAFLET ROLLS

SHEAR -EJECTION CHARGE
THREAD

-FUZE

(FIELD ASSEMBLY)

Figure 2-136. 105-mm M84 propaganda shell
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2-343. Direction of FutureDesigna. The 105-mm a. Erratic flight due to variation between
T107 propaganda shell (figure 2-137) uses the rotational velocities of the metal parts and of
same shell metal parts design as the T107 the filler,

illuminating shell, but the illuminating canister b. Special fuzing (not yet available) is re-
is replaced by the propaganda leaflets and ac-
cessories. The illustration shows the use of quired to make the shell function fast enough
split sleeves to support a steel disk which to preclude cratering.
prevents the setback weight of the front roll of c. Because of alterations in the shell due to
leaflets from damaging the rear roll of leaf- shell design and manufacturing difficulties, the
lets. Thus, the chief problem encountered in shell fail to match the HE shell weigbtwise.
the M84 propaganda shell, previously described, Thus, the range of the heavier liquid-filled
has been eliminated. Obviously, when the shell is less than the range of the lighter
weight of the paper is multiplied by the 10,000-g HE shell.
load, the paper is stressed beyond its column
strength and will buckle in every possible di-
rection until it can move no further. Initial 2-345. Shell Metal Parts Desig!i. The shell is
success has been obtained with two wedge de- designed to match the ballistics of standard
signs: one is a centercore filling of loose HE shell a-is closely as possible. The liquid-
sand, the other is a wooden-core assembly filled shell uses the shell metal parts of
consisting of a tapered dowel that is driven standard chemical or of standard HE shell with
into a hollow split plug to give an initial modifications to provide for fuzing and for
tightening action to the roll during assembly. sealing of the liquid filler. One example of a

liquid-filled shell is the shell with the GB
LIQUID-FILLED SHELL filler. The T77 (M121) shell, made from a

modified 155-mn HE. shell, was established

2-344. Tactical Requirements and Terminal as a prototype (see figure 2-138). The internal
Effects Limitations. Postwar development of contour of the shell was changed from con-
liquid fillers required new chemical shell for ventional hemispherical shape to a flat bottom
various weapons. The ultimate objective is the with side walls conforming to the dimensions
design of a liquid-filled shell to be used for of the flat base of the burster casing, thus
the optimum dispersion of persistent and non- preventing whipping of the casing in flight.
persistent gases. The achievement of the de- To prevent leakage of the filler, one-pice
sired te-minal effects is limited by many fac- constructions without any brazed fittings were
tors, all of which have not yet been established, recommended, such as a body adapter integral
Those which have been recogni'ed include the with the shell body, and one-piece burster
following, casing construction.

-BASE PLUG r-SP'-IT SLEEVES • oFUZE
W/EJECT ION
CHARGE1 .

- - - -- 1-.

SHEAR THREADS LEAFLET
ROLLS

Figure 2-137. 105-mn T107 propaganda shell

CONFIDENTIAL 2-185

L _._._ _ _ _ __



SCONFIDENTIAL

FILE

Figure 2-138. 155-mm M121 chemical shell

2-346. Accessory Parts Design. The design of 2-349. Direction of Futurte Desig!. In order to
the liquid-filled shell burster casing is similar match HE and liquid-filled shell weightwise,
to the burster casing used in the WP shell, components in the latter shell will tend toward
except in size. To prevent the burster casing lighter-than-steel metals. Improved closures
from whipping, in the liquid-filled shell the are being developed to reduce any occurrences
casing fits snugly between the shell walls at the of leakage.
base of the shell. The modification from HE
shell consisted principally in providing a new THE CHARACTERISTICS OF PYROTECHNICS
nose adapter to fit the increased burster size COMPOSITIONS
required for proper dissemination of the filler,
and of machining the interior base of the shell 2-350. Introduction. Previous portions of this

-to satisfy the close tolerance required between section have described the design of pyro-
the bottom of the burster casing and the wall technic items from the engineering viewpoint.
of the shell. Without minimizing the important engineering

aspects of pyrotechnics, it is obvious that the

The same considerations of construction of the most carefully designed item cannot accomplish

burster casing apply as in the WP shell; how- its purpose without an equally well designed

ever, the sealing requirements are more strin- pyrotechnic composition. Therefore, a dis-

gent. The interferences of all present orantici- cussion of the chemistry of pyrotechnic com-

pated shell sizes are tabulated below. All con- positions is in order.

tact surfaces are steel to steel, that is, steelcasing to steel shell, and have a 32-microinch 2-351. Constituents of Pyrotechnic Composi-finishg tions. The constituents generally employed in

pyrotechnic compositions are listed below; they
are classified as (1) oxidizing agents, '2) fuels

105-mm 155-mm 8-inch (or reducing agents), (3) color intensifiers,
0.003 to 0.005 0.003 to 0.005 0.010 to 0.012 (4) retardants, (5) binding agents, (6) water-

proofing agents, and (7) dyes fur smokes.

2-347. Filler esign. GB agents are odorless, a. Oxidizing Agents include nitrates, per-
colorless, water-like liquids.1 chlorates, peroxides, oxides, chromates, andchlorates. These are all substances in which

oxygen is available at the high temperature of
2-348. Burster Charge. Sufficient charge is the chemical reactions involved.
required to open the shell and to disseminate b. Fuels include metal powders, metal hy:
the liquid, which is either in the form of a drides, red phosphorus, sulfur, charcoal, boron,
persistent or a nonpersistent gas. silicon, and silicides. When these substances
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are finely divided, they. readily undergo ant Flares, signal.,, snmokes, tracers, and Mohnti-
exothermal oxidat ion withi the format ion of nating shell are pyrotechnic composit ions, whic'h
the correspocndinig oxides and the evolution of are generally pressed into candle rases and
rad~iant energy. whichI burin it c iga retIte lash ion frciii oilit' enud toi

c. Color Intensifiers are( mainly highly the other at relat ively -;low burning rates. Thus,'

chlloriniated organic coimpounds, such as white flte amount of enrvat th up~peri- i
heVxactilcioethanec (C2 C10 ), tiexaclilorobenzeiac is considerable aiid otteni ext remely dangeirous,
(C6ClC,), polyv inytchloride, Arochloz-s. "it is not released in so (testruct-ivv a faslhiiin

d. Reta -rdants include inorganic salts, JAMS- as is thc(' enoergy of an explosive. Furthlerniore,

te'rsns, waeoils. These are uisedi toc slow the a ii0liolt of gaseýous pr-oduc ts frn tciiithe ho z-n
(town t he reac ti ois bet weeni the oixid izxing agen'it i ng ay rot cc iiaic comipos it ionas is apiprec iably
and a he powde red metlal ito conat rol tilie bucrning les.,s Mhan that obtained fcc im explosives. F-or-
rate. Somie behiave mierely as inerti di luenits while ihcittif last mun~liit i ons anad spaitt i ng ciaielii
oathter-s, pairtic ipat e in thte react ion at at iui'chI ever, loolse. pyVroteviliiiic c cinipos it i oils ai-a' Cvim-
slocwer r~ate thain the main (const1ituenits. plciyed Ntiicti mlay be vxt rernely dangerous anm+

e. Binding -Agen'i t 's include resins, waxes, mlay react witti dest ructive v.otencev bcit not
plastics, oil-.. These, are( added to prevent seg - with the force that exiclosivvs exllhibt, as in-
regat ion and to obt~ainii ore uniformly blended divated by the hiisauice vaclues. The hiyrot('ctinii
ac am pos it [ilns. They also serve itc) nma ke f incely conipos it ionis do no t hayo f lie, svnosit iv ity it heat
diviaded parititcles adhe~re to .cac~ti ct h' rwhen c0 Ll - ( hail thle explosives tio, as shoc wn by their hiigher
pressed anto cI pyruiechanic items. anad help to oh)- ignition tenmperatucres. As lor the i nipact val-
Sa in iiiaxia i10m denis it y and effic iency in burning. ues, Sonic cif tile pyroa techniiic cv1)1111ipsit i c";
Btindte'rs i reqluentl dvtesenisitize mixtures whic(ha appeal- Ito be as senisitivye as the exploisives.
.are ot lieu-wise 5('iisil ave to impact, friction, and Althocughi radiantt eniergy is eniittcet from miost
Sidit It'. pyrotechni aic c onilos itaioas in ttic uti rayviolet,

1. Wil era'rjirling; Aj~ents include re~sins, visib~le, and infra red regions of tile spectrum,
waxes, Iilast ics, ala , dictair-oniaataing soclutioins. unt il recently only radia tion in the visible
Tbt-se ar-c cc-ed as hircit i' v( coatinags cal region (fromn 4,000 1 o 7,000 Angstrom Uniits)
ini'1a Is (scitcli as liiagoal's tiuii) t o acailuic'e I ele hi ass bc-el Utitlized~ in fla res, s ignia Is, photo1-
react ic i toc atmilic asitic inoiist cal-. flashes, andt ti-ace rs.;

g. Dyes itir Sniokev, suc-h ais azo anid an-
thraquaitine dye~s. 2-353. Rtequired Characteristics o1 Plyrotech

Manycattheabcvc'so istsawes ie t ci- i i caa' Ccinposit o~s Thle important character -

than one functiaon. thus s niplifyiyang tile (culi- 1st is reqcir' fprutcii omoiin r
snotwnia n table 2-3t9. -

position of sonic py rotechnicc amixtuLrets.

2-352. Properties Lit Typical PyrolechnlicCcu-ni - Luminolcus ilitensity (candlepowa'r), burningriate,
positions. Most pyrLotechnlic compcositioins tani anid ecalcr valuec are the usual military re-
be defined as physical mixtures of finely- quireitionats whjich-timust be niet iii pyrotechinic
powdered -cimpounds and elements, which upon conapositiolis used for illcuminating and sig-
ignition readily undergo chemical reac-tions in nalling pui-poses. Sensitiv-ity ito impact, static,
which a considerable amount of heat, light, and irit-tioli shoculd be miinimuni for satety,
smoke, and/or sound are produced in a rela- while ignlition temperature, igicitibility, sta-
lively short period of time. The amount of bilaty, and hygrosccopicity are ianportaiii in de-
heat evolved may vary front as little as 200 teranining thle (certainly Lof functioning. Standard-
calories per gram for a delay fuze ecomposi- tests have been devesoped for- measuring these
lion to 2,500 calories per gram for a photo- tharactc'ris-tics.
flash composition. The reaction temperatures
attained may vary from 200*C for smoke comn- 2-354. Yactoirs Affecting Lig.ht Characteristics
positions to well over 3,500*C for photoflash and Sait. meof the factcors which affect
mixtures and metal dust flashes. A comparison fit- lighdt dcharaccteristics and stability cof pyro-
of aome of the properties of typical pyrotechniic technic compoI~sitions are shown belciw.
comi)ositions with similar properties of a few a. G ranltatialn of ing-edietits

of lie better known explosives is giveni in 1. Average' partic-le diameter
table 2-38. 2. Specific- surface
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Table 2-38

Comparison of some Nropeirtis of pyrotecmic .compositions weith explosivcs

lrisance
Heat of Gas grams Ignition Impact

reaction volume sand temperature JIM: PA:
V Composition cal/gram cc/gram crushed C* cm: inch

•~Btariunm chroniate, t. 90JBoron, IX 10 480 13 0 650 ... 12

Barium Chromale, '.k 60
Zirconium-nickel alloy, 1 26
Potassium jerehlorate, I 14 497 12 0 485 56 23

Flare
Sotium nitrale, ', 38
Magmesijin,, ll, 50
Laminae, % 5 1456 74 8 6410 60 19

Smoke
Zinc, ',. 69
Potassium perchlorate, IX, 19
ilexavhlorobenzcne, %L 12 616 62 8 475 23 15

Photoflash
Barium nitrate, 11, 30
Aluminum, X 40
Potassium perchlorate, ' 30 2147 15 7 700 100 26

Black powder 684 272 8 288 32 16

SrNT W60 1000 48 475 100 14

iRDX 1240 600 60 I 260 13 5

5-second value

Table 2-39 3. Particle shape

.4. Particle size distribution
Important characteristics of b.' Burning surface area
pyrotecnfic compositions c. Purity of ingredients

ICertainty of d. Flare case material and shape

Military Safety functioning e. Loading pressure
f. Presence of moisture
g. Degree of confinement during combustion

Luminous Sensitivity Iguiitibility
intensity to impact The average particle diameter, specific sur-

i rface, shape, and distribution affect the burning
to friction rate and luminous intensity. The burning sur-

face area will influence the total lumint1ity.
Color value Sensitivity Ilygroscopicity The purity of ingredients and the presence of

to static moisture are important to the shelf life of the
stored comoosition. The type of flare caseimaterial and its shape will affect the burning

Color tctaperatur('
viorbinity L Effictneuy efficiency. The loading pressure and degree of

L confix.ement will influence the burning rate.

28CONFIDENTIAL

I,



CONFIDENTIAL
In addition, the heat of reaction and the burning
rate of composition are of fundamental im-
portance, since sufficient heat must be evolved
to make the composition burn propagatively and
the rate of reaction must be rapid enough to
more than compensate for heat losses.PooCNNo

No one of these factors can be said to be more .... FLAM.

important than any of the others, and all must
be given careful consideration when formulating
a pyrotechnic composition to meet specific REAION ZONE

1.0* requirements.
ZONE

In any composition, the building block is acom- PRE-IN~rIoN ZONE
bination of finely-powdered oxidant and fuel;
therefore, the chemistry of the mixture is ZONE "tC

UNREAVDCOMPOSITION
primarily the chemistry of the reaction of
these two types of ingredient. For an illuminant
that will give a yellow flame, sodium nitrate
and magnesium are used; for a green flame
composition, barium nitrate is used in place of
the sodium nitrate; and for a red flame com-
position, strontium nitrate is used.

2-355. Factors Affecting Luminous Intensity.
Since the luminous intensity of these compo- Figure 2-139. Pyrotechnic flame
sitionq seems to depend primarily on the burning zones
amount of magnesium present, one would ex-
pect that the intensity values for all the com- to burn propagatively. From experimental evi-
positions would be approximately the same. dence, three distinct zones have been estab-
It is known that the values are not the same, lished. In zone A the ingredients are undergoing
but range from 119,000 candles to 780,000 exothermal chemical reactions, resulting in a
candles for the optimum combinations of po;- volatilization of the excess fuel, which reacts
tassium n.trate and sodium nitrate, respec- with the oxygen in the air to form the oxide
lively, with magnesium. The difference in and to give a luminous flame. In the case of
these luminosity values can be explained by magnesium, the nitride will also be formed.
the contribution that the metal of the oxidant At the same time, part of the radiant energy is
makes. It should be noted that certain salts, preheating the composition directly beneath it,
when heated to excitation, give emissions in the shown in zone B, which can be called the pre-

visible region, Since sodium has the most in- ignition zone. Analysis of the radiant energy
tense lines in the visible region, it might be indicates that less than 10 percent is in the
expected to contribute most to. the luminous visible region and the remainder is in the
intensity. Potassium, which has practically no infrared region. Directly beneath zone B is the
emission in the visible region, contributes little remaindfr of the unreacted composition, or
to the total luminosity. Qualitatively, this is zone C. The rate at which the mixture will
bortie- out by the results obtained. The other burn will depend on the heat evolved by the
oxidants are intermediate in their contribution. compositionT the- rate at which heat is evolved,

the particle size of the ingredients, their
2-356. Burning of Pressed Compositions. The thermal conductivity, the degree of consolida-
manner in which these pressed compositions tion, the type of container, and diameter of
'burn can best be shown by reference to figure charge, and the state of the reaction products.
2-139. When a pressed composition is ignited, Obviously, sufficient heat must be produced.
several things occur very rapidly. The com- by the mixture to heat the ingredients to a
position is ra" _d to its ignition temperature state of ex(,thermal reaction' and the rate must
and, if conditions are favorable, it will continue be sufficiently rapid to more than compensate
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for hieat losse's, and to make the( 'ompolisittion tle'(iit'ia iof i Il( ai him liii cIII ii x idai vajo ir-s
bur pi )rtipalti v ely. P ioduvv s [Ia iii .j ot Ii ig hc'i I t'lp [,;i- urei aucc a

2 -357. P ropertitIes of A luimi mnin and Mugunes in tin - lwrvle

Aluminum ý'uvls. lin thle preceding discussion, 2 -358. Effect iif Spcifi Siirlal'I iii licarlat!ll;.
fileol ul trs was miagnles iumI. Biinar T~'lhteit cmic'va I law of mws at 5 limi l xii I ~t '551

miixtu re's siminalar toi t hose p~repa red with Iiag - react ion rate, as a funlit Icii tof ft(, ci-wiiieltia -

nesiumI have been prepa red withI other fuels t ion of tillt' re'actanlt s. In I lilt, S iil .;U ltv c i' to ii
.such as alummniiiii, and ian'un-lniiti istry of liyrottt'thitivis, till' spi-il ic suil arii iii
alloy~s. They havo' hot given as highi a lumiiinous the' inii, red ie uts mlay lit' cotnslide'reid rol i.hi a s
intensity as t hose iii wlivi ci jitag lits ium was their t* I lit litr.*i t ii. Thiis IIisL ilyti'ilY ovrs5ý',
used. Suince aumiUli inumI ha s a hlighe r heat of as ni2 pler g ram ii r NI 2 pe 1 i-am tii ii Ilit i l.
react iotn with oxygenI tiani miagnles Iium, it miiight
be expected tol give a greater lii11111 uS; in'- The equtjion foii r 5t~t'i'ito' sufci e at il t bca e wrIl-iti
tens ity. A comllparI'isonl cf tile phys it'al p rope i- as
tie's and t her mat pariameteri's of tilt' Stwit W ~0
mectals, shiowii in table 2 -40), will Iiiditate' why10

alu ii numn is lnot as, elffiiet' i as iiiagnlitinti Li ni

S Spe'cifit' snuface Inl .ill2
, gra in

Somel P/i-Sirva ),11per~tlii's ande thermalW D =density, gni/t'ins
peiramcle rs of pnei'usimm and aluntmilnu d =diamieter, mlicrtons.

-] ~~ 1 * - ~ Tlls equ ali il I., based oiii tile as sti ipiition t hat
ide i ~the' pa rticles are sphe res. Any' devilatiton frtom

Ele M.P B M. P. 11 hP. 1 i sphericity, as in a piarticle' that has cracks tor
(ieCt M ) (14 VQ (CI (KNCal) fissures through it, will result in a specilic

- _I - .t - - surfate value greater than that for i tn
Mg 651 1,120 ",.102 :t.077 143t.8 parable sphtere.

Al-02'1 ,02 6 1)7 "' 1' figure 2-140) are' shown three varieties of
______finely divided niagnesiuni which hive exactly

-- -- aen tile saine granulation, niametly, 100 percent

heat through a No. 50 U. S. Standard sieve and 1)00
H H Adia - vapciii - Iertent tin a No. 60 sieve. The toip ,tnimplo' i.s

(Cal, gni (Cal/:nil blxiic ,,tion I mi lied, the ont' onl the lower right is, groiund
Ele- HE of ofI tli.(a" adteoeoltelwrlf saoie
1en4 Kca) I meal nietal IV'C)g II) span heria magiestium The sleftcl isha

.- j agnsiumhasthe smialle'st specific surface,
I tilie highlestI pu rityv, the highest apparent tdcen-

*tg .9 '-':to E700 2.00 1.s0Li sity, and the gre'atest rusistance Iti atmios-
:i14.63700 1,37c0 ic.0001 318so0 1 plieric mioisture. Thle effect of sjpec'Lfifc surface'

or aveirage' particle size and the hp' o h
Although the melting points of thet I~k meittals particle oii the plerformiance of a typical c'omi-
are quite similar, the boiling ptiints are mark - position is Illustrated by tih' example in table -
edly differenit, that oif alumiinuiii being niuch 2-41,
higher. In addition, the amiount of heat re-
quirpd to vapolrize alumiinum is twice that re- Tabile 2-41 shcwý: tlie burning charieteristies
qu~ired for magnesium. Theretore;, less alumii- (if similar tctimplosit ions prepared witii grouiid
num is vapcoriz.ed for the samne aniciunt tof heat anid atonmized miagne'siumn.
evoilvedt by the ccilpc)si *tioif, giving a smialler
flarne and Cconseque'nt ly le!ss luminoi ius intens it y. It van hb' seeni frn timlsi (1that:1 t hat tilei g rouniid
InI add it iotn, I tic bot i ling poinlt tif aluminui m i ox ide wlag iit's t~iti 11i Uh 1110 has, tilt, g rLat t' i spec ltlt'
is higher than that cif magnesium oxide. Thle 'urfai- t' ~ s tilt, grvt'avr tunmonus initensiig-
higher tempterature in) the flame p~rodc~led by atntd tiit, faster burning irate'. Ge'nerally, it is
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1 - 2-359. Effect of Moisture on Shelf Life. A very
. ,important point to be considered when devel-

oping a composition is the shelf life or stability
.V of the mixture. The most detrimental factor to

the stability of a composition is atmospheric
A •moisture. In the presence of moisture the

f•' j ' ioxidant will corrode the finely powdered metal
and coat it -with a layer of either the metal
-hydroxide or the metal oxide or with both.
This layer reduces the ignitibility of the metal,
with the result that it either fails to ignite or
functions with reduced luminous intensity. For

40. oxidants,- the sensitivity to moisture can be
determined by obtaining the critical relative
humidity at room temperature. The higher the
critical relative humidity, the less sensitive
the substance is to moisture. (Roughly, th.'
higher the critical relative humidity the less
soluble the oxidant.) By subjecting samples ofi the salt to atmospheres of known relative

.... humidity and determining the weight gain, the
critical relative humidity of the so.lt can be

Figure 2-140. Magnesium obtained. Small traces of impurities in the
particle sizes oxidant will lower its critical relative humidity.*

Table 2-41 The effect of moisture on. a finely powdered
Effects of change in specific metal is determined by placing a sample in

sukface of magnesium distilled water and maintaining the system at a
_ __ . specified constant temperature. By collecting

Composition (percent b the gas evolved at constant pressure and noting
weight the rate of evolution, the rate of corrosion of

the metal can be established. For atomized
Ground magnesium 66.6 ... magnesium it was found that the rate of cor-
Atomized magnesium . 66.6 rosion in water was an exponential functionRSoin 4.8 during the initial stages.SResin 4.8 [ 4.8

Characteristics of specified tAeN/K

Luminous intensity (candles where.
per sq in.) 200,000 178.000 t = time
Burning rate (in. per min) 9.4 5.7 A = constant
Density 1.56, 1.65 N = amount of H2 formedEfficiency (candle -seconds K = constant.

per g-m) 50.000 69.200 c

true for all pyrotechnic compositions that, as
the specific surface et the ingredients in- *Until recently, there was a reluctance to use sodium

crease, the luminous intensity and the burning nitrate in pyrotechnic compositions because of its
low critical relative humidity. In fact, specification

rate increase. It shou-d be noted, however, grade sodium nitrate, which is a -.ommercial grade,
that in this instance the efficiency of the com- has a critical relative humidity of less than 50 per-
position containing the atomized magnesium is cent at normal temperature. Therefore. composi-
approximately 28 percent higher. The per- tions employing this grade were very hygroscopic.
formance characteristics of any pyrotechnic This was partially overcome by the use of coin-

mercially available U. S. P. double-refined sodium
composition are similarly affected by the spe- nitrate, which has a critical relative humidity of
cific surface of the oxidant as well as by that 75 percent at normal temperature or the same as
of the fuel. the purest nitrate.
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I, othterI c words, the a'otrraos iont paotiv eds a Iaa t -.i I fie og~a rat hin of Iltiie t oaaa a retactio a aas
ain('ra'asoa agly fastear ra'atva with i ta iva. lta wevva' a, plait te etagainst (ieat retiprocal aa'a tathea atbsolatea
a v a'r thte e naper~alaara' raange a'ifa 30- 65'(' I ha' a temaaeraturataae, a stra ightt lin a i's usuialtly oil-
was onrly a4 sainaat iat-reasa' Iaa tae rata'tt. ofaa- taamed. This iandicate's thaat the reactinaa rate
roii aal. At r toosplaba' rs t(tftailra faaaaiatd txygv ofI aa tile a' anpats it i aa is ain Arhenaaai us I uaa' i aat.
haad sIligha at hinelaten haydroagena hada a reta ratiag This type of pliot onal les a comaapa riso a (ifta
.a ft a'a' , antd a'arhoat dioide hNa d altaail aaa:aae e rat inig v ariu a caaU 'oampos it ions withI re'spectI to' thieIr
vfvta'a'. rTfiv ati oaf ft(aa soalutaiaa aaaal thae spectaific hea'at senasitivity. Bly laaeaats aaf this tv('tiiailat
Staal1V of ta 1V tat I a'na' taUs Wa'iTa fotu at ta affetatI (whaia'ia. was firast app11ied'3 ta explo siv'eas and

ha- aresul ts malta iaa;all " N. Thet sanuai Ia'a' teart'iaa e ata'p'jur compo'aaataund s anad otaly reen'dtlty tot py rua-
ali t a te grea'a.atr I ha' s'ieiat at surfatcea th li'faster a I pa'taic itaoaiapaositiatons) a ha'It a' unaderstni nadag
tat' taIt' aaf a'or ros ioni. af atIha' rtvat-tin laneahaaaism tatta pyro'ttechIn ic maix-

tares is beaing :arrive'd at.
2 -360. Proataectiaon Aj ala ast I'lvt 3ts oft Moai stauare. -

Thet da'tet'erai tausatLt' t alt0 ao a anist4 ut'l ae- I'llaa' fi`_lY 2-:362. Trt'acer anti Ignaiteara ComaaposIti taios. Whaat
div idted aaagaa'siaum t-ia a x, redae tb'aatti''ty a' aa Itint haas j us! taea'aa so ad aiou fl ta are c ompos itialns
thle tlate al witl% a cha'ollalta fi lat. It thle poiw- applies; equ~ally well tat taixtures used ill tracers..
de a'ad aaaagaaes iu Liaas Ite-ad I'tn k hot acid hatlIa A st anadard t rat'i a''o'mlapo s it iota, 1t-45. tconsistisI
aot paot ass ium aclroma taa Ie ftora a sht trt period (af taf 56 percen('tt -lraontin iatna trate a, 37 pa'rtcent

anit'v.a and Itaen washe'd Ithoroaughtalyt ta remotve a'llt zlgtsataa ah l l alalt oy, ;and 7 pcrcaent poly -
trat' a's of at'id, a thain layea' of a'tartonatea re'- vintyl calaotaridaea. Althtaought statront i um aaitrat a' has

aaa13 a1as, act'intg as ala a'ffecit'ttI protecat'iv fia'lmti been a tt i( a'rtitncipal ox idaant lrtracaate r a' attpal-
ag.ainast moaistureC. sit itlis, sodtonaii nitaatae is naw laeing use'd ex-

tat' a' a ta'altaItv wta a'a greate a''Iuminaoatu s inatensiatieas
Toa fur~ther reduce the effects oat moiasture', aoaly art' requitaredt.
the purest inrezrdient.L art,' used, Thtese art'
protcessed at air-coa~itioned raltnas anda, wher. Aaatilia'a' type tat p'raatet'nit' amixture that is
pressed into the candle acases, are covered with imapotaantal is thvt iganiter conmpositioaa, which
a taaatagrosa'opic first tire that further part- ianclude's fir'st firaes. As ltae aaame imiplies, titae

tec le te onmposit itoa. Iaa addit ioan to the use taf funatio n tot tta s a aaaala sIt ion is to ignite the
pure materaial.,, self-hardeaaing resins are a'nat- maian charge. Thet igniter is foraaaulated tol pro-
pltayed in ptace of linseed oit, whicth was pro- dutce theat aaad slag r'athaer than tob give a high

viusl;' used as a binder and a c'oatiaag agent tunainosity. In fact, thae iganiter may have rela-
fol thl ansim easealtfItae slow v-on- tively littte flamae. Zirtconiuma and titanium or
tialtitus oxidataian ot linseed oil during storage their hydrides atac silicona arc used ila place tat

I oud i) hrde an chngein Itaeir burnaing are nmore resistant to moisture and in additiona
chiaractaeristic's. Ptolyester resins containing are very ignitable, witta higha heat-, of reaction.
,;time slrnsc sLarninatt, which are Ttae igniter, tar first fire, miust he capable (if
sell-haa'detaiag at roomn temperature' when a igniting thoase composatitans witha whtichl it is ill
c~atal ,%st likae Luperstal is added, are now used tcontac't. Since this mtixtuare as plac'ed between
an place (If lthe linaseed tail. They poalynaerize at tile exptased end of tile maina tcharge and the at-
room tomapertu' withain atr a'elatively shtort naosphcre, it is advaantageotus tol emaploy an ig-
period ta tIime, depeniding onl ttae amoatunt of nilter whaich is aatnhaygroscaopic. Such a conlmpt-
catalyst, henrce, veary !tittle rhianga' octcurs ill sitioaa, whten pressed over tile exposed suarface
the burning chiaraacter'ist ics of Itle comaposition taf the ailain chiarge, wilt ac't as, a prtotect'ive
upon storagle. c aovering tor thea motre amoisturaet sejsit lye matin

i-harge. A first fire haaviaag mnaay 01 thesa' de-
2 -361. He'at Seaasitivity tat Pyroatechnaica' Comn- si rable properlta'ies has beeat in use fair a1 nutaaabtr
positions.- An understatadi'tig of the ' ef fet'etaf aot ye'ars arKIl has beean foaund to be veary satis-
heat on the' bhavioa' r of n pyrotechnic' cainpo- factoary, Ttais ctampoasititoa, whuicta is a'tnanaonly
sition is ob~tainaed whean a smaall samplet aaf thie calaled F F- 1011L, ctonta ins bsariuma nitraate, zir-
mixture is heated anad the linae tol ignitioan a'aaiu m haydride', si1licon, and TNC (Itet lanil ao-
nmeasured. It taos beena found Ithat the tinae to are- ca'rtazaale) is :addaed tao inc'rease' t he agaaitabitaty
act iton decr'eases with lala'rtasllag te'mpe'ratures. of ft(a' acompo~asit ion.i
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2 36. ata (Iin I iI Efft'e'iven'iiiss e' 11.5.rtit e'hfil I I iu roe g r herar' I- ri sli s. Tilt I ype anid size IA
Coeiniposii lolls. !' oh' suit able hfil milita ry cotnt ainler minust be' se' heit'd Io obtaitn Iiv th' pt i-
5 igoat Iii leg and iI Luin nat og, pyre v~it 'chii iiromnl- 11ill Hi result., witll) thle. compohj s itionils. F ionally,
poisit ionis are di'signe'd it) ivael fit he lott w Iieg provlyisionlls must be in ide lIo seaeI it'e c' uinjo si -
consiisde'ratioins (table' 2-42). lion adequa t ey so that loieu 1tc ' will hbe ex -

cl uded. All (it t hes'e' cons 11'ideations requ irie
Tbe2-12 Ple sv'ient'iit appro1 ii'e~t'iac .lid tilt' [fill e'xptileIa -

S- __________- ~~~ticn ofi che 1ii' a I, tly t I)IY I.I, and 'ga 'e ho
Paraiii('ers Units priltipiitt's.

I 'aiidt ~Tl'l, r'su Its ofi fir Id fvI .5 e's ) s I fieet-t'r oliiv tr i le'
I It il j e~ i~i I' ltties r~ iiiiivisibility ttie't'stioltels Jll-r s ýigna) cl o 'ile' Iigilts.

141,011tI' e nc t- p tIm il, vv, a two- 111111' ralge' m*c Ce c H i t III

table "2-43. Sinort' flic it, cooi'ed h0ells' used Iin

t.hieIe 8 li e' i i ki., l ii'

tlmeicc,'ii cite'ilislY r-ie('t . in ord'i, ohi ian~citeldt. ;msseimeiii wave'-
lenlt hi attIeniuiat ion oiveri a t We-luk ii t.diistalo ~toi''

~:ieettciev ':tlaI,'ls,'e'nies per'l grl (or' lW similar ite that e'xplul're'~leee *. at a1II'a
1It~e'i tietI i lejjý'r) ,'i e'iisiiii eisianc'c (aboll 5 toe 10 miile's).
iv'mal is' het exprese'sedi m,
valdl e's per 'oieee''i nt'l, ee01 l
liei'lin ciea s rle'e)

'Thie genevral rule is ito de'sign forl vitsibiility ___ -.- .. . ."tti
toiiele -thte wo'rst floiss itile ' nodi Itlhatis
miaximuem sky birigthtne'ss. The folot ewing iiomio-Wit'Ifet~tlewUret

112'1.1 (f igure 2-141) is- used to, obtain a z'otigh
:tlpiroxirnation of e'andii'pewer i'equi remellnts to I. . . . .
o'ese'll . iaiiui skrrgtes( 3Iitbtive signils att vaioues distan'e". To use, ('an L lc'epowo' 10.211010-O Iic .53e h.20i11 23i.600e

tile' niinetyram, the' curve' is sv'leete'd that rep- Mil. to %Ne1it,' 1.1111 1.03 1.29 2.32,

lambt'rts) and thlroughi an abscissa eqcuiv'alent
to the speit'ile'( target destaiwe, say 1 5;i00 PYRIOTECHINIC PARACHUTE DESIGN
yards, a l,: ine' is drawn froin :ati ordinate' I.c't- 2-6.Iirdcon ltahesrenbaksrespoinding to the minimumn' isihiiI ty, say 15,i000 35 iiriticll.Prihttsac t'bae
yard-., onl the mieteorologic'al raogt'v axis, anti ise'd to revdilet the' fiee'-Ilight ve'loe'ity of a
prolonge'd to lthe inte'nsity' axis. 'lit, nviv'eoro- Nieetv lte a tese rod Ilow% value,. Parae'htte-typt'
logical range is assumed ito he at leash equal aii' ree' alt treidynain : shipe's, fall[ ee'ate'd
to thet targiet dishtanc'e. lIn tilt' eXalnip he cite'd, uma liv i rein Imliextits Into uimbrelha -Ii ko can -
tith' requ11ird Ilumititus Ilnte'llSI~ Woiuld Ilit' ahItut oipi's thiai at i'ntimt ltd and miaintaine t'ct In 5ialpt
2. ,5 x 106 candle's. by tilIle , .i' 'ss-r oi l e'itraiap-cl' a ii. Til: Is se'iton

will disc tizss r e'vie-a lIv tilt e'Xtermi'ia an ( Inte'rinalI
2- 364. Soummary. Spa'e has not permitted aI parmlme't's til'' l'r m eItesgig. eN,'r de'-
more'1 dot.t I- fed d is'uss ten of the che mist ry oh tailed Inomtn t111Il ie ll C ti lt, motiilei't' c te I i'a a ile i-
pyrotechnic's. To sumimarize, it can be said eters will tie' found In re'Iei'eiice's 2, ti. 9. 10,
thiat wht'n a new item is developed or an old and 11.
onte I mproe'ed lio)line fac'tor can be c'ensidered
tilt' most Impiortant. All thle' factors disc'ussed 2 -366. Ceilii'ept tO1 01)11 i111 iluni l~tchii tII ' IvDe-.
must be' taken into ae'eount. The ingredie'nts sign III l'rcet' tlltrt'1I are's. 6l'tee' l'e'h -
mu- hteit of hiighi p rlt'ity and irove'tssect untde'r' c ieoe V ~it e (1v e'rs tilt he 'rii vatl i l e li i lll 1111tl lie'ight
ca i'e'ly ilvornt Cll e' c' nd it itos. 'Tie' part ivIc' of tillI' t ogII. Hart ie':iilt the' design ii ti~t :1 iM'M1iutv
-i ie's a. hit Im prt il i't i 11 i th h i ncg re'dienlts ms I it su1115iil It'ii Ilt ii * lila , t~Ag tie oii tile 'ilt ' tlle t of
heI idpieste'i and hlaline'e'ct Ite ive tilt dte'sired 41)[1ll11 inilg nil.Ii
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v. D~rliits. Svj ii':v 2- 1-13 p.il jkw'lui' I's~l p1 1-:!

*. I n's * IAI5 . 1 III of.. CI).* oil'"* 1-i* %.i t i t,:. %%il''t %iit. th ii:. ,-dt' i- sit'-t

thycltie gnvits: iihvt parwhtt 0tIi' iiiIimsri'tu.'h.'sr

lii) i lltil Iliit ii.l~j~'S tt 1. 1 i ll $1lt. S. St.a'u i'pit iilS 1 Lv $ st JI -l itsl X 'ii 4,
P~I-ort si all , 1iat ' ro.i $isIll t1il- a ~ ~ h s ll .1-111 sit -':.

skir of Ihi pa ~u'ut ; liI' t'at'd le nl h rv I le is "st i,' ItsI. till 1 wnstI*I.; at'i s'lnl aii .111 jsio i.tjs

til, Nu14mber: of till-s Affects p.ai'.1-11te ilpcil-l'

4onro oh oVnig T1is %1~t Ow f ti ' iseii t%~ sIýu til)%I
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descent, and the maximum shock force upon or, at'sea level,
the system during opening. The conditions are D\
set by figure 2-144, stages 5 and 4, respec- ( 21

tively. Reduced and simplified, the approxima- -21 )(10
tions are as follows.

Diameter Shock force 2-371. Method.of Calculating Air Deinsity at
. . . .. .. I A I- A ltitudv. D ens ity of a ir it se a lI vel is

D5 = VIW/0.03Z F1) = 7.85 x 10-4D 2 Vt2 directly p)ro)portiona:l to thlt pressure and
D4 inverse-;ly proportional Ito the ahtsolutv(' In i-

Examples peratlUre. II thcit Standard ;attiosphere

D5 W Z F0 D4  Ve 'o = 0.002378 slugs 1i'r cfi H

0.75 0.2 20 5 1.0 260 so that, at ;a prissure p aim of m(ircury and

2.33 2.0 20 6,420 2.6 1,100 temperature T, (degrees Cenligradv), the den-
7.50 20.0 20 530 10.0 260 sity is

23.33 200.0 20 35,875 26.0 260 0.002378 x 28 8.G1

Additional empirical formulas are furnished = 76U(273".T.)
by the British (as i rough guide and admittedly Relativc density is delined as

resulting in ovrdesign) as follows: 2886d ,
a. Tensile St rentth of Fabric.

3 T1  l Dy-. 2  
760(273"'1-I'

Therefore, at any altiiude, = 0 x relative
or, at sea level, density. Accordingly. the relative densities

3 D V.A2 for certain altitudes are found to be as follows.T----- - ! ' ..... .;-- --.. .. . . I --¥
T=8 k, \10o/ Height Rlativ( Height elativ

, (i) I density (It) density
where ks is a shock load factor. * - I- 0.37 -

0 1.000 [30,000[ 0.374

Type of Parachute Value of ks -

5,000 0.862 35,000 0.310
Shaped parachute 0.9
Flat parachute 0.5 10,000 0.738 40,000 0.246
Ungathered parasheet 0.2 ,

Gathered parasheel 0.35 15,000 0.629 45,000 0.193

b. Tensile Strength of Shroud Line. 20,000 0.532 50,000 0.152

9 C D2VcC 2 25,000 0.448 ,

32 n

2-198 C NFIDENTIAL



CONFIDENTIAL
REFERENCES AND BIBLIOGRAPHY

1. Military Chemistry and Chemical Agents, TM3-215, August 1952 (Restricted).

2. Parachute Handbook, U. S. Air Force, Wright Air Development Center.

3. Personal Notes of J. Dubin, Artillery Ammunition Section, Picatinny Arsenal.

4. Bell, J. B., "Notes on Development of Aluminum Burster Casings in Closing and Sealing
WP Filled Shell," 16 March 1955, Edgewood Arsenal, Md.

- 5. Ordark Research Project, Final Summary Report for the period. 16 October 1952 to 15
October 1953.

6. Cohen, H. N., Parachute Design Nutes, Parachute File, Pyrotechnics Section, Picatinny

Arsenal, June 1953. Technical Reports No. 2043, 2080, 2081, and 2082.

7. Middleton, W. E. K., "Vision Through the Atmosphere," University of Toronto Press, 1952,

p. 138 ff.

8. Field Behavior of Chemical Agents, TM3-240, May 1951, pp. 45-76.

9. Technical Information Report 6-9-BA2, Office of Chief of Ordnance, November 1954 (CON-
FIDENTIAL).

10. Technical Information Report 6-14-8A2, Office of Chief of Ordnance, January 1955 (CON-
FIDENTIAL).

11. Technical Information Report 6-14-8A4, Office of Chief of Ordnance, February 1955 (CON-
FIDENTIAL).

12. Brown, W. D., "Parachutes," Pitman, London, 1951, p. 99.

CONFIDENTIAL
2-199



ENGINEERING -DESIGN HANDBOOK SERIES
The Engineering Design Handbook Series is intended to provide a compilation of principles and fundamental data to

supplement experience in assisting engineers in the evolution of new designs which will meet tactical and technical
needs while also embodying satisfactory producibility and maintainability.

Listed below are the Handbooks which have been published or submitted for publication, Handbooks with publica-
tion dates prior to I August 196Z were published as Z0-series Ordnance Corps pamphlets. AMC Circular 310-38, 19
July 1963, redesignated those publications as, 706-series AMC pamphlets (i.e., ORDP 20-138 was redesignated AMCP
706-138). All new, reprinted, or revised Handbooks are being published as 706-series AMC pamphlets.

General and Miscellaneous Subjects Ballistic Missile Series

Number Title Number Title
106 Elements of Armament Engineering, Part One, 281(S-RD) Weapon System Effectiveness (U)

Sources of Energy 282 Propulsion and Propellants
107 Elements of Armament Engineering, Part Two. 284(C) Trajectories (U)

Ballistics 286 Structures
108 Elements of Armament Engineering, Part Three,

Weapon Systems and Components Ballistics Series
110 Experimental Statistics.. Section 1. Basic Con- 140 Trajectories, Differential Effects, and

cepts and Analysis of Measurement Data Data for Projectiles
III Experimental Statistics, Section Z. Analysis of, 60(S) Elements of Terminal Ballistics, Part

Enumerative and Clastificatory Data One, Introduction, Kill Mechanisms,
i12 Experimental Statistics, Section 3. Planningand and Vulnerability (U)

Analysis of Comparative Experiments 161(S) Elements of Terminal Ballistics, Part
113 Experimental Statistics, Section 4, Special Two. Collection and Analysis of Data

Topics Concerning Targets (U)
114 Experimental Statistics, Section 5, Tables 1bz(S-R.D) Elements of Terminal Ballistics, Part
134 Maintenance Engineering Guide for Ordnance Three, Application to Missile and

Design Sp'c,, Targets (U)
13S Inventions. Patents, and Related Matters
136 Servomechanisms, Section 1. Theory -Carriages and Mounts Series
137 Servomechanisms, Section 2. Measurement 340 Carriages and Mounts- -General

and Signal Converters 341 Cradles
138 Servomechanisms, Section 3. Amplification 34Z Recoil Systems
139 Servomechanisms. Section 4. Power Elements 343 Top Carriages

and System Design 344 Bottom Carriages
170(C) Armor and Its Application to Vehicles (U) 345 Equilibrators
252 Gun Tubes (Guns Series) 346 Elevating Mechanisms
270 Propellant Actuated Devices 347 Traversing Mechanisms
290(C) Warheads--General (U)
331 Compensating Elements (Fire Control Series) Materials Handbooks
355 The Automotive As.sembly (Automotive Series) 301 Aluminum and Aluminum Alloys

302 Copper and Copper Allo,'s
Ammunition and Explosives Series 303 Magnesium and Magnesium Alloys

175 Solid Propellanti, Part One 305 Titanium and ritanium Alloys
176(C) Solid Propellants, Part Two (U) 306 Adhesives
177 Properties of Explosives of Military Interest, 307 Gasket Materials (Nonmetallic)

Section 1 308 Glas; s
178(C) Properties of Explosives of Military Interest, 309 Pl'.stics

Section 2 (U) 310 Rubber and Rubber-Like Materials
210 Fuzes, General and Mechanical 311 Corrosion and Corrosion Protection of
211(C) Fuzes, Proximity, Electrical, Part One (U) Metals
212(S) Fuzes, Proximitf, Electrical, Part Two (U)
213(5) Fuzes, Proximity, Electrical, Part Three (U) Military Pyrotechnics Series
214(S) Fuzes, Proxdmity, ElectricaL, Part Four (U) 186 Part Two, Safety. Procedures and
215(C) -Fuzes, Proximity. Electrical, Part Five (U) Glossary
244 Section 1, Artillery Ammunition--General, 187 Part Three, Properties of Materials Used

with Table of Contents, Glossary and in Pyrotechnic Compositions
Index for Series Surface-to-Air Missile Series

245(C) Section 2. Design for Terminal Effects (U) 291 Part One, System Integration
246 Section 3, Design for Control of Flight Char- 292 Part Two, Weapon Control

acterio4Dcs 293 Fart Three, Computers
47 Section 4. D~esign for Projection 294(S) Part Four, Missile Armament (U)

248 Section S, Inspection Aspects of Artillery 295(5) Part Five, Countermeasures (U)
Ammunition Design Z9§ Par•Six, Structures and Power Sources

249 Section 6. Manufacture of Metallic Components 297(5) Part Seven, Sample Problem (U)
of Artillery Ammunition C N I E TA
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